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Abstract.
The f ir s t  p a rt o f th is  w o rk  is  a s tu d y  o f ca tio n  tra n s p o rt 
m edia ted by  sa lin o m yc in  and n a ras in , tw o p o lye th e r a n tib io tic s . 
The tra n s p o rt ra te s  w ere m easured  in  p h o s p h a tid y lc h o lin e  
vesicles u s in g  7L i, 23]>ja and 3 %  nm r. The re s u lts  showed th a t 
sa lin o m yc in  and n a ra s in  b o th  tra n s p o rt po tass ium  m ore ra p id ly  
th a n  sod ium . L ith iu m  is  tra n sp o rte d  tw o orders o f m a gn itu de  
slow er s till. Therm odynam ica lly, sa linom ycin  prefers po tass ium  to  
sod ium , w h ile  n a ra s in  shows lit t le  preference fo r e ith e r ca tio n . A  
b r ie f s tu d y  on d ih yd ro sa lin o m yc in  shows th a t th is  tra n s p o rts  
sod ium  a t ra tes an o rd e r o f m agn itude  s low er th a n  seen fo r 
sa linom ycin  itse lf.
The second section is  concerned w ith  the  to ta l assignm ent 
o f the  and nm r spectra  o f the  a lk a li m e ta l sa lts  o f n a ra s in  
and sa linom ycin . T h is  was achieved by the use o f two d im ensiona l 
n m r techn iques, in c lu d in g  COSY, NOESY and XHCORD spectra . 
The chem ica l sh ifts  o f ce rta in  sites were seen to  be dependent on 
the  ca tio n  presen t. These s ites were m o s tly  s itu a te d  near the  
“h in g e ” reg ions o f the  m olecules w here co n fo rm a tio n a l changes 
can occu r d u rin g  the  com plexa tion  process. T h is  showed th a t 
these sites are also im p o rta n t in  the  accom m odation o f d iffe re n t 
sized cations. The basic con form ation  o f the m olecule rem ains the  
same, i t  is  on ly  a t ce rta in  sites th a t there is fle x ib ility .
The fin a l p o rtio n  o f th is  w o rk  is  a b r ie f s tu d y  o f tra n s p o rt 
m ed ia ted  by  syn th e tic  ionophores. T h is  invo lve d  s y n th e s is in g  
m a te ria ls  expected to be ca rrie rs  fo r bo th  ca tions and an ions and 
te s tin g  them  fo r tra n s p o rt p rope rties. I t  was a lso necessary to
develop a c o n tra s t reagen t fo r h a lid e  io n s , to  enab le  th e ir  
tra n s p o rt to  be observed and m easured by nm r. I t  was fou nd  th a t 
n itro x y l ra d ica ls  and de x tran  m agne tite  were b o th  Ine ffec tive  as 
c o n tra s t reagents. M anganous io n s  were fo u n d  to  be good 
re la xa tio n  agents b u t were seen to  destroy the  vesicles, except a t 
lo w  pH . A lte rn a tive  m ethods o f s ta b ilis in g  the  vesic les u s in g  
h yd ro xym e th y l s u b s titu te d  p y rid in iu m  sa lts  were u n su cce ss fu l. 
T he  a n io n  c a rr ie rs  a tte m p te d  w ere h y d ro x y la te d  te tra -  
a lky la m m o n iu m  and p y rid in iu m  sa lts . The tra n s p o rt s tu d ie s  
ca rried  o u t showed th a t these were on ly  s lig h tly  m ore effective io n  
ca rrie rs  th a n  th e ir non-hydroxyla ted  hom ologues.
In  a s tud y  o f ca tion  tra n sp o rt i t  was trie d , un successfu lly , to  
synthesise various p ro ton  ion isab le  crow n ethers.
CHAPTER 1
Chapter 1 General introduction.
1 . 1 C ell M em brane S truc tu re .
C e ll M em branes are ve ry  im p o rta n t and h ig h ly  com plex f|
s tru c tu re s . I f  i t  w ere n o t fo r the  c o m p a rtm e n ta lis a tio n  o f 
b io log ica l system s the huge com plexity o f life  cou ld  n o t exist,
1.1.1 A  b rie f h is to rv  o f ce ll m em branes.
I t  was in  1665 th a t the  m ic ro sco p is t R obert Hooke f ir s t  
described the box like  s tru c tu re s  seen in  co rk  as ce lls. O ver the  
n e x t 10 years A n to n i van Leeuwenhoek produced d raw ings o f a 
w ide  range o f b a c te ria , p ro tozoa and red b lood  ce lls . I t  was 
how ever over 100 years before i t  was realised th a t ce lls were the  
b a s is  o f a ll tis su e s . The va rio u s  com ponents o f ce lls  eg. 
m ito c h o n d ria  and vacuoles were id e n tifie d  b u t i t  was n o t u n til 
1855 th a t C arl N ageli d iscovered w h a t he ca lled  th e  ‘P lasm a 
M em brane’. He suggested th a t i t  was th is  s tru c tu re  th a t produced 
the  observed osm otic s e n s itiv ity  o f the  cells, m a k in g  them  sw e ll i
and c o n tra c t w ith  d iffe rin g  io n ic  s tre n g th  in  the  e x tra c e llu la r 
m edium . 1
The ne xt m a jo r b re a k th ro u g h  in  the u n d e rs ta n d in g  o f ce ll 
m em brane s tru c tu re  was made in  1899 by C harles O verton. He 
pub lished  figures w h ich  showed th a t the less po la r a substance was j
the  m ore re a d ily  i t  cou ld penetrate the m em brane. T h is  led to  the  
conc lus ion  th a t the  ce ll m em brane was in  fa c t lip o id a l in  n a tu re .
W ork  done in  1925 by  G o rte r and G rendel u s in g  su rface  area 
ca lcu la tion s  produced the theory, la te r to  be proven u s in g  e lectron 
m icroscopy, th a t the  ce ll m em brane con s is ts  o f lip id  b ila ye rs .
F u rth e r w o rk  in  1935 by D a n ie lli proposed th a t the m em brane also 
in c lu d e d  pro te ins.
The c u rre n tly  accepted m odel o f m em brane s tru c tu re  is  the  
“flu id  m osa ic” s tru c tu re  p u t fo rw ard  by  S inger and N icho lson  in  |
1972.2 T h is  proposes th a t the m em brane is  a dynam ic and m o tile  |
system  w ith  p ro te in s  im bedded in  and p e n e tra tin g  th ro u g h  the  
lip id  b ila ye r. Th is s tru c tu re  is  he ld  together by  the  hyd ro p h o b ic  5
effect, w h ich  is the  tendency o f no n -po la r groups to  in te ra c t w ith  
each o ther ra th e r th a n  w ith  the w ater.
1.1.2 L ip id  s tru c tu re  |
B io log ica l m em branes con s is t o f m a in ly  lip id , p ro te in  and 
ca rb o h yd ra te  w ith  ab o u t 20%  w a te r. The p ro p o rtio n s  o f th e  
organ ic com ponents va ry from  80% lip id  in  m ye lin  to  25%  lip id  in  
in n e r m ito ch o n d ria l m em branes b u t the  lip id  b ila y e r is  s t ill the
ba s is  o f the  s tru c tu re . There fore  an u n d e rs ta n d in g  o f lip id  1
s tru c tu re  is necessary before a d iscussion o f m em brane p rope rties 
is  started .
L ip id s  are w a te r inso lu b le  organic substances extractab le  by 
n o n -p o la r organ ic solvents such as e ther or ch lo ro fo rm . There is  
no s ing le  u n iv e rs a lly  accepted c la ss ifica tio n  o f lip id s . H ow ever 
the re  are a num ber o f d iffe re n t system s, the one fo llow ed here is  
on the  basis o f hyd ro lys is p roduct. There are th ree basic classes o f 
lip id s
,|1) S im p le  eg. fa tty  acids and waxes. These give fa tty  |
acids and glycerol on hyd ro lys is
2 ) Com pound
3) S te ro ids
eg. p h o sp h o lip id s . These give a fa tty  ac id , 
g lyce ro l,p h o sp h o ric  acid  and a n itro g e n o u s  
m oiety on hydro lysis.
eg C ho le s te ro l. These are based on th e  
carbon skeleton shown in  figu re  1-1.
F igure 1-1. S tero id skeleton.
The lip id s  found  in  m em branes are a ll p o la r and m o s tly  fa ll 
in to  the  la tte r tw o categories. These can be a m p h ip a th ic  w h ich  
have an io n ic  o r p o la r headgroup attached to  long  hyd roca rbon  
ta ils  o r they m ay be sterols w ith  a po la r hyd roxy l a t one end o f the 
m olecule. The com m on fea ture  o f these m olecules is  a d icho tom y 
w ith  a h yd ro p h ilic  group a t one end and a hyd rop hob ic  group a t 
the  other.
M ost o f the lip id s  in  b io log ica l system s are esters o f g lycero l 
w ith  long cha in  carboxylic acids. These are u su a lly  tria c y l glycerols 
o r ph o sph o lip id s  w h ich  con s is t o f one g lycero l m o ie ty  w ith  fa tty  
acids este rified  a t carbons 1 and 2 (see figu re  1-2). The re m a in in g  
h yd ro xy l o f the g lycero l has a phosphate attached w h ich  is  u s u a lly  
a lso e s te rifie d , eg. p h o sp h a tid y lch o lin e  (PC), p h o sp h a tid y lse rin e  
(PS) and ph ospha tidy le thano lam ine  (PE) (see figu re  1-3). G lycero l 
has a p ro ch ira l centre a t carbon 2, the num bering  system  used is  
such th a t the  pro-S  carbon is  Ox- As w e ll as the phosphoglycerides
th e re  are a lso  a n o th e r im p o rta n t g roup  o f lip id s  ca lle d  th e  
sp h in g o lip id s . w h ic h  are de riva tive s  o f th e  lo n g  c h a in  a m in o - 
a lco h o l sp h in g o s in e , C H s lC H )i2 C H :C H C H (O H )C H (N H )C H 2 0 H .
These sph ingo lip ids  consist o f a sph ingosine m olecule w ith  a fa tty  
acid  a ttached by  an am ide linkag e  and a p o la r headgroup, eg. a 
phosphate ester, on the  te rm in a l hydroxyl.
1 CHgOH CHgOH
^ C H g O H  H O ''' /  ^C H gO PO g^-
H i
G lycero l sn g lycero l 3 -phosphate
(L-a-g lycero l phosphate)
F igure  1-2. The num bering  system  used fo r phosphoglycerides.
O O
H gN +C H gC H gO -P ^ O g C C H C H g O -P ^I
P hospha tidy le thano lam ine P hospha tidy lse rine
O
(CHslgN'^ CHaCHa O -P -^
O'
P hosp ha tidy lcho line
F ig u re  1-3. Three o f th e  com m on ly encoun te red  p h o s p h o lip id  
headgroups.
A  w ide range o f ca rboxy lic  acids can be es te rified  in  lip id s  
w ith  b o th  s a tu ra te d  and u n s a tu ra te d  ch a in s  fo u n d . The 
u n sa tu ra te d  acids are o ften  th e  Z-isom ers w h ich  p reven ts close
p a ck in g  o f the  cha ins, lead ing  to  m em branes w ith  low er m e ltin g  
p o in ts  and  h ig h e r f lu id ity  th a n  those w ith  s a tu ra te d  o r E - 
u n sa tu ra te d  hydrocarbon chains. I t  is  found th a t the  percentage o f 
u n sa tu ra te d  lip id  in  a m em brane is  inve rse ly  p ro p o rtio n a l to  the  
tem pera tu re  o f the  grow th  m edium . l
The ca rb o xy lic  acids found  in  lip id s  u s u a lly  have an even 
n u m be r o f carbon atom s between 12 and 26, 80%  have cha ins o f 
16 to  20 carbon atom s. There m ay be up  to  s ix  ca rbon -ca rbon  
doub le  bonds m o s tly  c is  and u s u a lly  m ethylene in te rru p te d  so 
th e re  is  no co n ju g a tio n . The u s u a l o rg a n isa tio n  is  to  have a 
sa tu ra ted  fa tty  acyl group a t carbon 1 and an un sa tu ra te d  fa tty  acyl 
g ro u p  on c a rb o n  2 . In  a n im a ls  th e  m o s t a b u n d a n t 
p h osph a tidy lch o line  has a sa tu ra ted  16 carbon fa tty  acy l g roup on 
ca rbon  1 and a m ono- o r d i- u n sa tu ra te d  22 ca rbon  ch a in  on 
ca rbon  2. P hospha tidy le thano lam ine  genera lly has longer cha ins 
and m ore u n sa tu ra tio n  th a n  phosphatidylcho line . ^
1.1.3 M em brane s tru c tu re .
L ip id s  fo rm  b ila y e rs  w ith  th e  exposed head g ro u p s  
p e rp e n d ic u la r to  the  axis o f the  ch a in s  fo rm in g  a b a rr ie r  to  
p re ve n t in te ra c tio n  betw een th e  h yd ro p h o b ic  in te r io r  o f th e  
m em brane and the  w a te r. I t  is  fou nd  th a t th e  in te r io r  o f the  
m em brane is  flu id  and deform able as there are no s tro ng  a ttra c tive  
forces. T h is  f lu id ity  re flects  the  m em brane’s v isco c ity , w h ic h  is  
due to  b o th  in te r-m o le cu la r and in tra -m o le cu la r m o tion .
The in tra  m o lecu la r m o tion  is  o f th ree types:
1) S egm enta l m o tio n , ro ta tio n  and v ib ra tio n  a b o u t ca rb o n -
carbon bonds.
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2) R o ta tio n  a b ou t an axis p e rp e n d icu la r to  th e  p lane  o f the
m em brane.
3 ) A  pendu lum  m o tion  o f the hydrocarbon cha ins.^
The in te r-m o le cu la r m o tion  is  the  la te ra l d iffu s io n  b y  exchange o f 
the  lip id  m olecules.
The flu id ity  o f a m em brane is  v e iy  im p o rta n t to  its  a c tiv ity . 
The f lu id ity  is  dependent on a num ber o f fa c to rs , such  as the  
p ro p o rtio n  o f sa tu ra ted  and u n sa tu ra te d  lip id s  and the  am oun t o f 
ch o le s te ro l p resen t. The m o b ility  g ra d ie n t across th e  b ila y e r is  
n o t u n ifo rm , the re  is  an a b ru p t increase in  th e  m o b ility  a t th e  
ce n tre  o f th e  m em brane. The o ve ra ll v is c o c ity  w ith in  a ce ll 
m em brane is  ro ug h ly  com parable to  th a t o f lig h t engine o il w ith  a 
la te ra l d iffu s io n  ra te  o f about 10"®cm2s"L
B io log ica l m em branes consist o f a m ix tu re  o f lip id s  as w e ll as 
co n ta in in g  p ro te in s . Each d iffe re n t tissue  has its  ow n d iffe re n t 
and genera lly close ly defined m ix tu re  o f lip id s , see Table 1.1.
In  m ixe d  b ila y e rs  th e  p h o s p h o lip id s  a re  d is tr ib u te d  
a s y m m e tric a lly  betw een the  in n e r and o u te r h a lve s  o f th e  
m em brane (see tab le  1.2). T h is  is  believed to be due to  s te ric  and 
e le c tro s ta tic  effects caused by  the  cu rva tu re  o f th e  b ila ye r. T h is  
im ba lance  shows th a t w h ils t the  la te ra l d iffu s io n  o f lip id s  m ay be 
fac ile , the  “flip -flo p ” m o tion  o f a lip id  fro m  one face to  the  o th e r is  
slow . The ra tes seen va ry  from  several days to  several m in u te s  in  
ra p id ly  g row ing  b a c te ria l m e m b r a n e s .^ I t  is  possib le  th a t th is  
“ f lip - f lo p ” m o tio n  is  acce le ra ted  by  p ro te in s  p e n e tra tin g  th e  
b ilayer.
:Table 1.1. The lip id  constituen ts  o f some ce ll m em branes.
% w /w
R at liv e r 
m ito c h o n d ria  
in n e r
Rat live r 
m ito ch o n d ria  
o u te r
Rat
e ry th ro cy tes
H um an
e ry th ro cy te s
Choi <3 <5 24 2 4
PC 45 50 31 2 3
SPH 3 5 9 18
PE 25 23 15 20
PS 1 2 7 8
PI 6 13 2 3
PG 2 3 0 0
DPG 18 3 0 0
C hoi; cho leste ro l, PC; p h o sp h a tid y lch o lin e , SPH; sph ingo m ye lin , 
PE; p h o s p h a tid y le th a n o la m in e , PS; p h o s p h a tid y ls e rin e , PI; 
p h o s p h a tid y lin o s ito l,  PG; p h o s p h a tid y lg ly c e ro l, D PG ; 
d ip h o sp h a tid y lg lyce ro l.
Table 1.2. The d is tr ib u tio n  o f ph ospho lip ids betw een the in te rn a l 
and exte rna l faces o f the ce ll m em brane o f hum an erythrocytes.
In Out
T o ta l P hospho lip id 50% 50%
S ph in gom ye lin 2% 24%
P hosp ha tidy lcho line 5% 25%
P hospha tidy lse rine 18% 1%
P hospha tidy le thano lam ine 10% 0%
' :
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In  th e ir active state m em branes consist o f lip id s  in  a liq u id  
c ry s ta llin e  s ta te , w h ic h  p ro v id e s  m o b ility  in  a n  o rgan ised  
fram ew ork. For a pu re  phospho lip id  there is  a w e ll defined phase 
tra n s itio n  betw een a rig id  gel and liq u id  c ry s ta l a t a sp e c ific  
te m p e ra tu re , w h ich  is  eas ily  found  u s in g  d iffe re n tia l sca n n in g  
ca lo rim e try . The phase tra n s itio n  increases the  d iso rd e r and 
m o b ility  o f the  m em brane and is  affected by a num ber o f factors.
1 C ha in leng th  In  general the  longer the  ch a in , the  h ig h e r
the  tra n s itio n  tem pera tu re . The p o s itio n  o f 
the  carbon on w h ich  the cha in  is  su b s titu te d  
is  very im p o rta n t.
2 U nsa tu ra tion  cis u n sa tu ra te d  bonds reduce the  tra n s itio n
tem pera tu re .
3 Head G roup e.g. P hosphatidylcholine m ay have a tra n s itio n
te m p e ra tu re  20°C  lo w e r th a n  th e  sam e 
phospha tidy le thano lam ine .
4 D iva len t ions In  ch a rg e d  m e m b ra n e s th e  tra n s it io n
te m p e ra tu re  m a y be in c re a s e d  b y  th e  
presence o f Ca2+ or Mg2+ by m ore th a n  50°C.
In  re a l m em branes the re  is  a w ide range o f m is c ib ility . I f  
one m ixes tw o lip id s  w ith  w id e ly  d iffe re n t phase tra n s itio n  
tem pera tu res  the re  m ay be tw o independent phase tra n s itio n s . 
Between these tw o tem pera tu res the  lip id  is  p resen t as b o th  gel 
and liq u id  c rys ta ls . In  m ore com plex m ix tu re s  eg. egg y o lk  
p h o sp h a tid y lch o lin e  the  lip id s  are a ll com ple te ly m isc ib le  b u t a 
la te ra l phase separation m ay be induced by d iva len t ions.^
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P hospho lip id  phase tra n s itio n s  have m ostly  been s tu d ie d  in  
the  m em branes o f bacte ria  and m ycoplasm as. They tend  to show  a 
broad peak in  d iffe re n tia l scann ing  ca lo rim e try  studies®  and the  
b a c te ria  w ill n o t grow  below  the phase tra n s itio n  te m p e ra tu re . 
T h is  b roaden ing  o f the  d iffe re n tia l scann ing  ca lo rim e try  peak is  
a lso seen w hen cho les te ro l is  added to  a p u re  p h o s p h o lip id . 
C ho lestero l is  o ften  called a flu id ity  re g u la to r as i t  increases the  
m em brane f lu id ity  be low  the  phase tra n s itio n  te m p e ra tu re  b u t 
decreases i t  w hen above the phase tra n s itio n  tem pera tu re . T h is  
be hav io u r o f cho lestero l is  p a rt o f the  reason the re  is  no ove ra ll 
phase tra n s itio n  seen in  the  d iffe re n tia l scanning ca lo rim e try  trace 
o f m am m alian m em branes. I t  is  ce rta in  however th a t the  m a jo rity  
o f such m em branes are in  a liq u id  c rys ta llin e  state.
Some b io log ica l m em branes seem to  in c lu d e  areas o f lip id  
w ith  re s tric te d  m otion  fo r exam ple in  red blood ce lls .^ T h is  cou ld  
be due to p h o sp h o lip id  associated w ith  cho leste ro l r ic h  reg ions, 
p ro te in s  o r both.®  ® !® L ip id  m olecules are re q u ire d  b y  m any 
m em brane-bound enzymes to produce a c tiv ity  eg N a+/K+ ATPase. 
In  these cases the  lip id  m u st be in  a liq u id  c rys ta llin e  phase, 11 th is  
m ay be the  reason fo r the d is c o n tin u ity  seen in  the  A rrh e n iu s  p lo ts  
o f som e m em brane bo und  enzym es. I t  is  seen th a t be low  a 
loca lised  phase tra n s itio n  tem pera tu re  the  re ac tio n  ra te  fa lls  o ff
sharp ly.
B io lo g ica l m em branes a lso co n ta in  p ro te in s , w h ic h  can 
account fo r up  to 75% o f the d ry  w e igh t o f the  m em brane. There 
are tw o types o f p ro te in  associated w ith  the ce ll m em brane.
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1 ) P eriphera l o r E x trin s ic  Washed away from  a m em brane us in g
a b u ffe r o f d iffe re n t pH  o r io n ic  
streng th  o r by che la ting  agents.
2 ) In te g ra l or In tr in s ic  O n ly  rem ovable b y  the  d is ru p tio n  o f
the m em brane.
The la tte r group o f p ro te ins are m uch m ore d iffic u lt to  s tu d y  
as they are ha rd  to  extrac t and p u rify , m odern techn iques re ly  on 
m onoc lona l an tibod ies i®  a fte r the m em brane has been d is ru p te d  
b y  o rg a n ic  so lve n ts  and de te rgen ts. The p ro te in s  are a lso 
a s y m m e tric a lly  d is tr ib u te d  across th e  m em brane  and  th is  
com partm en ta lisa tion  is  o ften the reason fo r th e ir e fficac ity .
1.2 M em brane T ra n sp o rt
The tra n s p o rt o f m a te ria l across ce ll m em branes is  ve ry  
im p o rta n t. In  re s ting  hum ans 30-40%  o f the  energy consum ed is 
spe n t in  m a in ta in in g  the  io n  g rad ie n ts  across ce ll m em branes. 
There are th ree  types o f tra n sp o rt across cell m em branes.!
1 Passive d iffu s io n  S im p le  d if fu s io n  a lo n g  th e
con cen tra tio n  g rad ie n t
2 F a c ilita ted  d iffu s io n  D iffu s io n  a lo n g  th e  c o n c e n tra tio n
g ra d ie n t m ed ia ted  b y  a m em brane  
com ponent.
3 A ctive  T ra n sp o rt M e d ia te d  by  a s p e c ific  tra n s p o r t
p r o te in  w o rk in g  a g a in s t th e
co n ce n tra tio n  g ra d ie n t, re q u ire s  th e  
in p u t o f energy.
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1.2.1 Passive D iffusion.
Passive d iffu s io n  is  th e  le a k  o f ion s across in ta c t ce ll 
m em branes w ith o u t any outside assistance. B io log ica l m em branes 
are good b a rrie rs  fo r ion s and p o la r m o lecu les u n d e r n o rm a l 
circum stances. As can be seen from  the fo llow ing  data, tab le  1.4.
Table 1.4. D iffu s io n  coefficients o f a range o f species th ro u g h  
ph osph o lip id  b ilaye rs. i
Io n /M o le cu le HgO 01- K+ Na+
D iffu s io n  C oeffic ient 5x10"® 7x10-10 5x10-12 1x10-12
1.2.2 F acilita ted  d iffus ion .
T h is  is  s im ila r to  passive d iffu s io n  in  th a t i t  proceeds along 
th e  d iffu s io n  g ra d ie n t and invo lves no in p u t o f energy. The 
d iffe re n ce  lie s  in  th e  a c tiv a tio n  energy o f th e  p rocess. So 
fa c ilita te d  d iffu s io n  is  in  fa c t cata lysed passive d iffu s io n . The 
ca ta lys ts  in  b io lo g ica l system s tend to be pore fo rm in g  m a te ria ls  
such  as g ra m ic id in  and a m p h o te ric in . These open u p  an io n  
cha nne l th ro u g h  the  m em brane enab ling  the ra p id  exchange o f 
io n s  betw een the  in tra c e llu la r and e x tra c e llu la r s o lu tio n s . A n 
exam ple o f th is  type o f tra n s p o rt in  liv in g  system s is  the  B and 3 
p ro te in  w h ic h  m ediates ch lo rid e  tra n s p o rt. T h is  enables th e  
ch lo rid e  ions to  pass th ro u g h  a lip id  m em brane a t a ra te  m uch 
h ig he r th a n  th a t given above.
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1.2.3 A ctive tra n sp o rt.
The th ird  type o f tra n s p o rt seen is  active tra n s p o rt. T h is  
invo lves th e  in p u t o f energy b u t u n lik e  the  p rev iou s  tw o types 
enables ions to  be transpo rted  aga inst the d iffu s io n  g rad ien t. T h is  
is  ve ry  im p o rta n t in  liv in g  system s, one exam ple o f th is  type o f 
tra n s p o rt is  the  enzyme N a+/K + ATPase. T h is  tra n s p o rts  th ree  
sod ium  ion s o u t o f a ce ll w h ile  tw o po tass ium  io n s  move in  the  
opposite d ire c tio n  consum ing one m olecule o f ATP in  the  process. 
In  re s tin g  hum ans ro u g h ly  30% o f the  ATP consum ed is  b y  th is  
process.
1. 3_____ lonophores.
1.3.1 H is to rv  o f ionophores.
The nam e ionophores o r ionophorous agents was firs t coined 
b y  P ressm an e t a l in  19671^ to  describe  a n tib io tic s  in  th e  
va lin o m yc in  and n ig e ric in  classes. These ionophorous agents are 
a ll e ffic ie n t tra n s p o rte rs  o f ions across ce ll m em branes. They 
e x h ib it a nu m be r o f d iffe re n t stra teg ies to achieve th is . There are 
th ree  m a in  classes, o f w h ich  tw o consist o f n e u tra l ionophores and 
the  th ird  are w eakly acid ic . One type o f n e u tra l ionophore is  the  
com p lexa tion  agents. These render a ca tion  so lub le  in  n o n -p o la r 
so lvents by  fo rm in g  a charged com plex. These m a te ria ls  in c lu d e  
n a tu ra lly  occu ring  species such as va linom ycin  (see figu re  1-4) and 
syn th e tic  species lik e  crow n e thers and c ryp ta n d s . The second 
class o f n e u tra l ionophores fu n c tio n  by pore fo rm a tio n . T h is  class 
in c lu d e s  m a te ria ls  su ch  as g ra m ic id in  (see fig u re  1-5) and 
a m p h o te ric in , w h ich  enable an io n  channe l to  be opened th ro u g h
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the  m em brane. The th ird  class o f ionophores are those w ith  an 
ion isab le  acid  group such as the po lye ther a n tib io tic s  o f in te re s t 
here. The advantage o f th is  type o f m a te ria l is  th a t i t  fo rm s a 
n e u tra l com plex so i t  does n o t requ ire  the tra n s p o rt o f a cou n te r 
io n . The advantage o f th is  has led to  sy n th e tic  crow n e thers 
co n ta in in g  acid ic groups being synthesised.
CHgMe CHMea MeI CHMea■O—■CH-CO-NH-CH-CO-O— CH-CO-NH-CH-CO
F igure 1-4. The s tru c tu re  o f va linom ycin .
MejCHCH
Mc2 NH2
S  CH (CHa)4
N— CO-CH-NH-CO-CH-NH
CH
CO-CH-NH-CO-CH-NH-CO
F igure 1-5. The s tru c tu re  o f g ram ic id in
The acid ionophores or po lye the r a n tib io tic s  have p layed a 
m a jo r ro le  in  the  developm ent o f these m e te ria ls  w h ich  w o rk  by 
fo rm in g  a lip id  so lub le  com plex w ith  a ca tion  w h ich  enables i t  to  
pass th ro u g h  b io lo g ica l m em branes. Over the  30 years fro m  
1950 to  1980 the  n u m b e r o f nove l a n tib io tic s  in  th is  c lass 
increased fro m  0 to  72 the  num ber is  now  ne are r 100. There
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w ere tw o  reasons b e h in d  th is  g ro w th  one w as th e  use  o f 
ionophores in  the  s tu d y  o f ca tion  tra n sp o rt b u t the  m ore im p o rta n t 
fa c to r was the  discovery o f th e ir e ffica c ity  as cocc id iosta ts  and as 
agents to  im prove the  feed effic iency o f ru m in a n ts .
1.3.2 Polvether a n tib io tics .
In  1951 th ree  novel a n tib io tic s  were reported  as X -20 6 , X - 
464 (n ige ric in ) and X -537A  (lasa locid A ).i7  No a tte m p t was made 
a t th e  tim e  to  d iscover th e ir  s tru c tu re  b u t com m on p ro p e rtie s  
suggested th a t the y were p a rt o f a new class o f a n tib io tic s . I t  was 
fo u nd  th a t the y  were s lig h tly  ac id ic , b u t w hen th e y  were exposed 
to  aqueous sod ium  carbonate the y extracted sod ium  ion s in to  the  
o rgan ic  laye r. These m a te ria ls  were found  to  have re la tiv e ly  h ig h  
to x ic ity  so lit t le  in te re s t was shown in  them . I t  was n o t u n til the  
d isco ve ry  o f m o nen s in  in  1967 by  A g ta ra p  e t a l, and th e  
id e n tific a tio n  o f its  a n tico cc id ia l a c tiv ity , th a t ionophores re a lly  
to o k  off. T h is  paper was also the firs t to  p resent the  s tru c tu re  o f a 
p o lye th e r a n tib io tic . I t  was fou nd  th a t m onensin ’s a n tic o c c id ia l 
a c tiv ity  w as shared by a ll th e  o th e r fo u r kn o w n  ion o p h o re s  
n ig e ric in , d ianem ycin , X -206 and lasa locid . 19 I t  was proposed a t 
the  same tim e  th a t these a n tib io tic s  were effective due to  d ire c t 
in te ra c tio n  w ith  a lk a li m e ta l ca tions and the  c a rrie r m echan ism  
w h ic h  re g u la te s  p o ta s s iu m  tra n s p o rt across m ito c h o n d ria l 
m em branes.
1.3.3 S tru c tu re
The po lye the r a n tib io tic s  a ll have ce rta in  s tru c tu ra l fea tures 
in  com m on. These in c lu d e  a te rm in a l ca rb o xy l g ro u p  w ith  a 
te rtia ry  h yd roxy l a t the  o the r te rm in u s . A  hydrogen bond between
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these enables the  m olecules to  take  up  th e ir ch a ra c te ris tic  cyc lic  
s tru c tu re . 2 0  There are also m any a lk y l groups (m ethyl and e thyl) 
b ra n ch e d  a long  th e  ca rb o n  backbone. B io s y n th e tic  s tu d ie s  
20.21,22,23 were co n s is te n t w ith  a s im ila r po lyke tide  b io syn th e tic  
p a th w a y  fo r a ll th e  p o lye th e r a n tib io tic s . T h is  m e a n t th a t a 
u n iv e rs a l n u m b e rin g  system  based on th e ir b io s y n th e tic  o rig in s  
cou ld  be used, in  fa c t such a system  was proposed b y  W estley in  
1976.24 T h is  system  s ta rts  num bering  from  the  ca rboxy lic  acid C l 
and proceeds to  the  fa r te rm in u s  along the  backbone and th e n  
ba ck  a long the  m e th y l and e th y l su b s titu e n ts . The oxygens are 
num bered se q u e n tia lly  fro m  the  ca rboxy lic  acid 0 1  and 0 2 , the  
rin g s  are denoted A, B , C ... also s ta rtin g  from  the ca rboxy l end o f 
the  m olecule, (see figu re  1 -6 ).
29
33 32 30,31 27,28
E t I  17 E t  20 21
25,26
CO2H 
0 -1.2
F igure 1-6. The num bering  system  shown fo r Lasalocid A . 2 4
The po lye the r a n tib io tics , w hen in  th e ir cyc lic  co n fig u ra tio n , 
have a ll the  oxygens on the ins ide  able to  com plex w ith  a ca tio n  
and a ll the  a lk y l cha ins on the exte rio r surface to  increase the  lip id  
s o lu b ility . Thus they can tra n sp o rt cations across ce ll m em branes 
by  the  process o f fa c ilita te d  d iffu s io n . There is  no energy re qu ire d  
and the  tra n s p o rt is  dow n the  con cen tra tio n  g ra d ie n t across the  
m em brane . A ll o f th e  a c id ic  ionophores kn o w n  are ab le  to  
tra n s p o rt m onova lent cations b u t on ly  a few, lik e  lasa loc id  are able
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to  com plex w ith  d iva le n t ca tions w ith  b in d in g  con stan ts  o f th e  
same order as w ith  a lk a li m eta l i o n s . 25
The ionophores are a ll m olecules w ith  m any c h ira l centres, 
the  geom etry o f w h ich  is  c ru c ia l to  th e ir a c tiv ity . In  general the  
m ore co n s tra in e d  a m o lecu le  is  th e  m ore m ore s ta b le  its  
com plexes a r e . 26 T h is  is  w hy crow n ethers are m uch  b e tte r a t 
com plexing  w ith  a lk a li m e ta l ions th a n  the  co rrespond ing  lin e a r 
p o lye th e rs . The p o lye th e r a n tib io tic s  g e n e ra lly  c o n ta in  rig id  
sections o f s tru c tu re  and are designed to w rap them selves around 
the io n  to  w h ich  they are com plexed. Such rig id  sections are seen 
best in  the  sp iro -tric yc lic  groups in  na ras in  and sa linom ycin .
1.3.4 O rig ins.
A ll o f the po lye ther a n tib io tics  know n so fa r are produced by 
m ic ro -o rg a n ism s  in  the  A c tin o m yce ta le s  o rd e r, an  o rd e r o f 
fila m e n to u s , b ra n ch in g  bacte ria . A ll b u t th ree  o f the  m icrobes 
kn o w n  to  p roduce  p o lye th e r a n tib io tic s  be long  to  th e  genus 
S treptom yces, by 1981 h a lf o f the know n po lye ther a n tib io tic s  had 
been iso la ted from  d iffe re n t s tra in s  o f two species, S. a lbus and S. 
hygroscopicus.
The bacte ria  used in  the p roduction  o f ion oph o ric  a n tib io tic s  
are iso la ted  from  so il and around 3% o f the  actinom yces cu ltu re s  
screened are fou nd  to  produce po lye the r a n tib io tic s .27 The m ost 
com m on ly p roduced ionophore  is  n ig e ric in  w h ic h  is  fo u n d  in  
fe rm en ta tions o f s tra in s  o f bo th  S. albus and S. hygroscopicus. The 
ce ll c u ltu re s  used to  produce the  ionophores are o ften  fo u n d  to 
give a com plex m ix tu re  o f several closely re la ted  com pounds, fo r 
exam ple sa lino m ycin  is the m a jo r com ponent o f a n ine-m em bered
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com plex produced by  S. a lbus. The m in o r com ponents o f these 
m ix tu re s  are u su a lly  hom ologues o f the m a in  m a te ria l and as the 
iso la te d  y ie ld s  increase th e y  w ill a lm ost c e rta in ly  add to  th e  
co llec tio n  o f know n ionophores. O ther classes o f a n tib io tic s  and 
even a n tifu n g a l agents are often produced along w ith  the  po lye the r 
a n tib io tic s  in  these fe rm enta tions.
1.3.5 B iosvnthesis
As has been s ta ted  e a rlie r the  p o lye th e r a n tib io tic s  are 
p ro d u ce d  b y  fe rm e n ta tio n . The c o n d itio n s  re q u ire d  fo r a 
p a rtic u la r m icrobe  va ry  g re a tly . The m ed ia  com m on ly  used 
in c lu d e  carbon and n itrogen , from  p la n t and an im a l sources, and 
m in e ra ls . I t  is  im p o rta n t to  have the co rre c t q u a lita tiv e  and 
q u a n tita tive  supp ly  o f n u trie n ts  b u t there are o the r variab les w h ich  
are o ften  c r itic a l. These in c lu d e  the  in n o c u la tio n  p re p a ra tio n , 
te m pera tu re , pH , ae ra tion  and a g ita tio n . O p tim isa tio n  o f these 
variab les is  u su a lly  done in  an em p irica l m anner and stud ies have 
been m ade on o n ly  a few  o f the  know n ion oph ore s in c lu d in g  
m onensin, n a ra s in  and sa linom ycin . The m edia v a iy  fro m  an o il 
r ic h  m ix tu re  fo r sa linom ycin  and m onensin to a casein and s ta rch  
based m ix tu re  fo r na ras in . U nexpectedly the  presence o f traces o f 
in o rg a n ic  m a te ria ls  can have a large e ffect on th e  y ie ld . In  
m o n e n s in  th e  a d d itio n  o f 0 .3 g /d m 3  iro n  (III) s u lp h a te  o r 
m anganese (II) ch lo ride  was found to give a th ree fo ld  increase in  
the  y ie ld s .27' T h is  enhancem ent was n o t seen in  n a ra s in  b u t the  
presence o f ca lc iu m  carbonate  and m olasses w as fo u n d  to  be 
e ffe c tiv e .28 in  sa lin o m yc in  the  presence o f am m on ium  io n s  is  
cla im ed to  produce a 2 0 0 -fo ld  increase in  the y ie ld .29
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The po lye the r a n tib io tics  are found  in  b o th  the  b ro th  filtra te  
and  m yce liu m  fra c tio n . In  h ig h  y ie ld  fe rm e n ta tio n s  th e y  are 
concen tra ted  in  the  la tte r. They are u s u a lly  ex tracted  fro m  th e  
m yce liu m  w ith  a su ita b le  so lven t such  as acetone o r m e than o l. 
A lte rn a tiv e ly  the  e x tra c tio n  can be perform ed on the  w hole b ro th  
u s in g  a w a te r-im m isc ib le  so lven t lik e  e th y l acetate . E x tra c tio n  
m ay occu r as e ith e r the  free acid or sa lt b u t care m u s t be take n  to  
avo id  acid  degradation  especia lly  in  those ionophores w ith  k e ta l 
g roup ings.
The b iosyn thesis  o f po lye the r a n tib io tics  has been s tud ied  by  
the  use o f iso to p ica lly  labe lled  substra tes to  e s ta b lish  the  n a tu re  
and po s itions  o f the  p recursors. The re su ltin g  m a te ria ls  were th e n  
s tu d ie d  b y  nm r, o r degradation  to  rad ioactive  p a rtic le s . The 
ro u te  o f preference was found to be the po lyketide  pa thw ay b u t the  
synthase enzymes and the  conversion o f po lyketide  are n o t ye t fu lly  
understood.
The po lyke tide  pa thw ay is  the rou te  used in  the  p ro d u c tio n  
o f fa tty  acids, flavono ids and q u i n o n e s . ^ 9  The s ta rtin g  m a te ria ls  
are th e  ace tic, p ro p io n ic  and b u ty ric  th io  esters o f Coenzym e A  
(F ig u re  1 -7 ). The re a c tio n  co n s is ts  o f re p e a te d  C la ise n  
condensations between acetyl CoA and m a lonyl CoA w ith  one o f the  
m a lo n y l carboxyls ac tin g  as a leaving group. T h is  re su lts  in  a p- 
ke to  e s te r w h ic h  m ay cyc lise  to  give an  a ro m a tic  r in g  o r be 
reduced to  an alcohol. The a lcohol m ay cyclise to  a p y ra n  o r fu ra n  
rin g , ty p ic a l o f ionophores, o r dehydrate to  the  a lkene w h ic h  can
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Figure 1-7. The s tru c tu re  o f Coenzyme A
be fu r th e r  reduced. B ra n c h in g  can be in tro d u c e d  b y  u s in g  
p ro p io n y l o r b u ty ry l CoA as th e  s ta rte r o r u s in g  m e thy len e  
su b s titu te d  m a lonyl CoA, derived from  prop ionate o r b u ty ra te . The 
s ta rtin g  acid is  the  end rem ote from  the carboxylic  fu n c tio n  in  th e  
fin a l p roduct.
1.3.6 V e te rin a rv  A pp lica tio n s
P o lye th e r a n tib io tic s  are h ig h ly  e ffec tive  a g a in s t g ram  
positive  bacteria , E im eria  and a num ber o f anaerobic bacte ria . T h is  
a c tiv ity  is  a t the  ro o t o f large in te re s t in  such  m a te ria ls , as i t  
enables th e ir use as b o th  a n tico cc id ia l agents and to  im prove the  
feed e ffic ie n cy  in  ru m in a n ts . C occid iosis is  a disease fo u n d  in  
p o u ltry  caused by m icroorganism s o f the E im eria  fam ily . These are 
parasites a k in  to  am oebic dysentery w h ich  have a s im ila r effect on 
in fe c te d  p o u ltry  le a d in g  to  d e a th  b y  d e h y d ra tio n  a n d  
m a ln u tr it io n .81 The ionophores can be seen to  ac t on one o f the  
stages o f the  life  cycle o f the  E im eria  causing them  to  b u rs t due to  
an increase in  the  osm otic pressure on the  ce ll. T h is  increase in  
o sm o tic  p re ssu re  is  due to  the  d is ru p tio n  o f th e  c e ll’s io n  
tra n s p o rt system  by  the ionophore m ediated tra n s p o rt across the  
m em brane. 81
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lonophores have proved to be very u se fu l in  the  co n tro l o f 
coccid iosis as the y are e ffic ie n t and arrived on the  scene a t a tim e  
w hen a resistance was b u ild in g  to  ex is ting  a n tico cc id ia l agents. 18 
The dosage is  adm in iste red o ra lly  in  the feed and is  ty p ic a lly  in  80 
m g /k g  am ounts. A lthou gh  m any ionophores are know n the  o n ly  
ones used in  ch icken  are m onensin , lasa loc id , sa lin o m yc in  and 
n a ra s in . 18 R ecently i t  has been no ticed th a t s tra in s  o f E im eria  
re s is ta n t to  ion oph o ric  a n tib io tic s  are appearing. I t  is  observed 
th a t i f  resistance is found to  one po lyether a n tib io tic  the  s tra in  w ill 
also be re s is ta n t to o thers.82
1.4_____Salinom vcin and N arasin.
1.4.1 D iscovery, s tru c tu re  and properties.
In  1971 M iyazaki et a l a t the Kaken C hem ical C om pany in  
Japan  discovered a new po lye ther a n tib io tic , sa lin o m yc in .83 8.5g 
o f th is  m a te ria l was extracted from  100 litre s  o f a b ro th  o f S. a lbus 
NO.80614 ferm ented fo r 84 ho u rs  a t 27°C. The sod ium  s a lt o f 
sa lino m yc in  was produced by a s im ila r m ethod tw o years la te r.84  
T h is  s a lt w as ch a ra c te rise d  and fo u n d  to  have a n tic o c c id ia l 
p o te n tia l.
The mass spectrum  and iH  n m r data w ith  the  m e ltin g  p o in t 
and e lem enta l ana lysis showed th a t th is  was a novel m a te ria l o f 
u n know n  s tru c tu re . The s tru c tu re  was e lucidated in  1973 b y  the 
use o f X -ra y  crys ta llog raphy. 85 T h is  p re lim in a ry  co m m un ica tion  
was follow ed by a fu ll paper in  1 9 7 5 .8 8  i t  was found  th a t su ita b le  
c rys ta ls  fo r s tud y  cou ld  n o t be prepared fo r any o f the  a lk a li m eta l 
sa lts . Therefore the p-iodophenacyl derivative was used fo r these 
s tu d ie s , e n a b lin g  the s tru c tu re  and ab so lu te  c o n fig u ra tio n  o f
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salinomycin to be determined. However, this did not give the 
crystEil structure of an alkali metal complex, so no information on 
the complexation process could be elucidated.
The s tru c tu re  o f s a lin o m yc in  d id  revea l som e u n u s u a l 
fea tures o f th is  m olecule. These concerned the tr ic y c lic  sp iro ke ta l 
(d isp iroke ta l) g roup in  the  centre o f the  m olecule. T h is  was the  
f ir s t  p o lye th e r a n tib io tic  seen to  co n ta in  such  a fe a tu re . The 
v in y lic  group in  rin g  C o f the com pound was also an u n u su a l fea ture 
in  th is  type o f m a te ria l (figure 1-8).
CH
OH
'CH.
t)H
R=H Salinomycin 
R=CHci Nai'asin
F igure 1-8. The s tru c tu re  o f sa linom ycin  and narasin .
The f irs t paper as opposed to  pa ten t, on th e  p ro p e rtie s  o f 
sa linom ycin  was pub lished  in  1974.37 Th is was an exam ina tion  o f 
the  p rope rties  o f sa linom ycin  and the  ba cte riu m  w h ich  produced 
it .  The s tra in  o f streptom yces a lbus was iso la te d  fro m  a s o il 
sam ple, as is  u su a l fo r these bacte ria . T h is  m icro o rg an ism  was 
cu ltu re d  in  a va rie ty  o f m edia to  id e n tify  the o p tim a l co n d itio n  fo r 
g row th  and to d iscover its  taxonom y. For g row th  to  occu r i t  was 
found  th a t the tem perature had to be in  the range 21-37°C  and the 
pH  between 5.5 and 8.5. I t  was also seen th a t s ta rch , ge la tin  and 
glucose were a ll good sources o f n u tr itio n  fo r the  ba cte riu m .
22
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The phys ica l p roperties o f sa linom ycin  were also s tud ied . I t  |
was found to  have a pK^ in  DM F o f 6.4, show an o p tica l ro ta tio n  o f
-63° in  e thanol, m e lt between 112.5 and 113.5°C and be so lub le  in  ÿ
m any organ ic solvents, b u t inso lu b le  in  w ater. S a lino m ycin  was 
fou nd  to  be active aga inst a w ide range o f gram  po s itive  b a c te ria  d
-Viand also E im e ria  in  ch ickens. There was no a c tiv ity  observed 4
a g a in s t gram  negative b a c te ria  and yeasts. S a lin o m yc in  w as 
observed to  have an LD 5 0  (i.p.) in  m ice o f 18m g/kg. 4
(i.p .) in  m ice was fo u n d  to  be 7 m g /kg , less th a n  th a t seen in  
sa linom ycin .
In  1975 a po lyether a n tib io tic  was iso lated from  a b ro th  o f S. 
au reo faciens in  the  la b o ra to rie s  o f E li L illy  Inc . in  A m erica . A  
p a te n t w as ap p lie d  fo r the  new  m a te ria l u n d e r th e  nam e o f 
A 2 8 0 8 6 . 3 8  A  fo llow -up  paper was pub lished  in  1978 b y  Berg and 
H a m i l l 3 9  on the  properties o f the m a te ria l now  know n  as na ra s in .
T h is  was show n to be a novel po lye the r a n tib io tic  b y  its  m e ltin g  
p o in t (98-100°C ), o p tica l ro ta tio n  (-54°) and sp e c tra l p ro p e rtie s .
N arasin  was also found to  be active against gram  positive  bacte ria , |
anaerobic bacte ria  and fung i. I t  was observed th a t n a ra s in  m e thy l 
ester, also iso la ted  from  the  b ro th , was in a c tive  as an a n tib io tic .
Tests on ch icke n  showed a good degree o f p ro te c tio n  ag a ins t E. 
te n e lla  and there  was also evidence o f a n tiv ira l a c tiv ity . The LD 5 0  |
'S
In  the  period between the p u b lica tio n  o f the  p a te n t and th is  5
paper a lo t o f w ork  on the new m a te ria l had been ca rried  ou t. One |
area o f w o rk  was on the e luc ida tion  o f the  s tru c tu re  by  use o f mass =
sp e c tro s c o p y ^o  and n m r.^ i The fra g m e n ta tio n  p a tte rn  o f |
n a ra s in  was com pared to th a t o f sa linom ycin , w h ic h  co n ta in s  a 1
d is tin c tiv e  cleavage in  the  d is p iro k e ta l fu n c tio n . ^ 2  F rom  th is  i t  |
2 3  ^
was seen th a t the  s tru c tu re s  d iffe red  on ly  in  an a d d itio n a l m e th y l 
g roup  on rin g  A  in  n a ras in . The p o s itio n  and o rie n ta tio n  o f th is  
g ro u p  w as id e n tifie d  b y  n m r, co m p a rin g  th e  sp e c tra  o f
s a lin o m y c in  and  n a ra s in .42 i t  was seen to  be on C(4) in  an 
e q u a to ria l po s itio n  cis to  the  carboxyl con ta in ing  group . A  fu rth e r 
paper on the  n m r o f n a ra s in  was p u b lish e d  id e n tify in g  th e  
b io syn th e tic  o rig in s  o f the  carbons in  the s tru c tu re ."^ 3 These tw o 
papers, an assignm ent o f the  13q  n m r o f sa lin o m yc in^^ and la te r 
papers on the  n m r o f these m a te ria ls  w ill be d e a lt w ith  in  
greate r depth  in  chap te r 3.
1.4.2 T ra n sp o rt and com plexation stud ies.
S a lin o m y c in  and n a ra s in  w ere fo u n d  to  be p o ly e th e r 
a n tib io tic s , so th e y  fu n c tio n  b y  the m e d ia tin g  ca tio n  tra n s p o rt 
across ce ll m em branes. T h is  m eans th a t th e  com p lexa tion  and 
tra n s p o rt p ro p e rtie s  o f these m a te ria ls  have been e x te n s ive ly  
s tu d ie d . A  w ide range o f techniques and system s have been used 
fro m  c irc u la r d ich ro ism  to  ca tion  extraction . These are covered in  
the  in tro d u c tio n  to  chapter 2.
The fo llo w in g  p a rt o f th is  in tro d u c tio n  o u tlin e s  some o f the  
o th e r s tu d ie s  on these m a te ria ls  o r w h ic h  have u tilis e d  th e ir  
specia l p rope rties . These sections are by  no m eans exhaustive , 
o n ly  a few  exam ples o f each a p p lica tio n  are in c lu d e d . These are 
re a lly  to  show  the  ex te n t o f the  usefu lness o f these m a te ria ls  to  
e xp la in  w h y  th e y  shou ld  be s tud ied . There is  o n ly  a ta n g e n tia l 
re la tio n s h ip  to  th e  d ire c tio n  o f th is  th e s is , so, an y  in  d e p th  
d iscussion  o f the  the fo llow ing  w o rk  w ou ld  be o u t o f place here.
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1.4.3 V e te rin a ry  app lica tions.
The greatest volum e o f w ork  on these tw o com pounds has in  
th e  fie ld  o f m e d ic in a l and v e te rin a ry  a p p lica tio n s . S tu d ie s  o f 
a n tic o c c id ia l a c tiv ity  have been c a rrie d  o u t in  c h ic k e n s ,3 
tu rkeys^G  and pheasants^^ to  determ ine e ffic a c ity  and re q u ire d  
doses. S a lino m ycin  and n a ra s in  have also been a g a in s t legum e 
b lo a t in  pigs^® and to  im prove the  feed effic iency in  ru m in a n ts .^ 9 
S a lin o m y c in  has a lso  been seen to  im p ro ve  c a rd io v a s c u la r 
e ffic ie n cy  in  dogs w ith  possib le  extension fo r use in  hum ans. 
A no th e r area o f hum an m edicine where sa linom ycin  m ay be o f use 
is  in  the  tre a tm e n t o f m a la ria . T h is  disease is  on the  increase in  
m u ch  o f the  T h ird  W orld  as the  resistance to  q u in in e  and re la ted  
com pounds b u ild s . A lte rn a tiv e  cures are be ing  so u g h t w h ic h  
operate b y  a d iffe re n t m echanism . In  v itro  tests have show n th a t 
sa lin o m yc in  causes the  d e s tru c tio n  o f P lasm odium  pa ra s ite s  in  
ra t's  b lood, b y  a s im ila r m ethod to  th a t seen in  th e  c o n tro l o f 
E im eria . 31
1.4.4 Ion  selective electrodes.
A  fu rth e r area w here sa lino m yc in  has been used is  in  the  
p ro d u c tio n  o f io n  selective electrodes. A  nu m be r o f papers and 
pa ten ts  have been issued on these w ith  exam ples o f Ba^+ 32 and 
a m m o n i u m 3 3  selective electrodes be ing am ongst those developed.
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s tru c tu re , and num ber o f c h ira l centres (-20 ) these tend  to  be 
ra th e r long and in e ffic ie n t processes. A  recent exam ple o f such  a 
syn th e tic  rou te  is  th a t o f H o rita  et al35 there is  also a recent review  
o f the  w o rk  in  th is  area by Yom em itsu et a l . 36 B a s ica lly  th o u g h  
b io syn th e s is  is  a m u ch  q u icke r, cheaper and h ig h e r y ie ld in g  
approach so synthesised po lye the r a n tib io tic s  are u n lik e ly  to  go 
in to  p roduction .
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1.4.5 T o ta l synthesis.
The to ta l synthesis o f sa linom ycin  and n a ra s in  has been the à
su tye c t o f several papers and r e v i e w s . 3 4  Due to the  com plica ted I
:
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Chapter 2. Cation transport mediated bv naturally occurring 
polvether antibiotics.
2.1 In tro d u c tio n .
lonophores exe rt th e ir  b io lo g ica l a c tio n  b y  fa c ilita tin g  the  
tra n s p o rt o f ion s across ce ll m em branes a long a co n ce n tra tio n  
g rad ien t. lonophores fa ll in to  several classes such as peptides lik e  
g ra m ic id in , cyc lic  depsipeptides lik e  va lin o m yc in  and p o lye th e r 
a n tib io tic s  such  as m onensin  tw o o f w h ich , sa lin o m yc in  and #
n a ra s in  have been the  su b je c t o f th is  w o rk . lon oph o res can
produce  th e ir  e ffect b y  e ith e r pore fo rm a tio n  eg g ra m ic id in  o r
com p lexa tion  w ith  an io n  to  fo rm  a lip id  so lu b le  co m p le x l e.g. 
v a lin o m y c in  and m o nen s in . As has been s ta te d  e a rlie r th e  J
po lye the r a n tib io tics  are active against m any m icro  -organism s and 
are  im p o rta n t in  th e  liv e s to c k  in d u s try . T h e re fo re  an  
u n d e rs ta n d in g  o f th e ir mode o f action  and m ethods o f incre as ing  
e ffic ie n cy  and s p e c ific ity  o f a c tio n  are im p o rta n t. The la rg e s t 
p rob le m  w ith  these m a te ria ls  fo r c lin ic a l use is  th e ir  to x ic ity .^  |
T h is  arises from  th e ir general io n  tra n sp o rt a c tiv ity , so i f  the y  are |
m ade m ore specific  fo r a p a rtic u la r ce ll type sm a lle r doses cou ld  
be used the reby reducing  tox ic  side effects.
In  the  w id e ly  accepted m odel fo r tra n s p o rt m ed ia ted  b y  ÿ
a n io n ic  ion oph o res the  ionophore  is  to ta lly  d isso lve d  in  th e  
m em brane. A ll th a t p ro tru des from  the m em brane is  the  ion ised  t
ca rboxy lic  acid  head group. i  The firs t step in  the  com plexa tion  is  
the  approach o f a ca tio n  to  th is  carboxyla te  io n  exposed by  the  
m em brane. A fte r th is  com plexation occurs in  a m u ltis te p  process 
w ith  th e  io n o p h o re  re p la c in g  th e  b o u n d  w a te r m o le cu le s
I
s u rro u n d in g  th e  so lva ted c a tio n .3 The com plex form ed has the  
ca tio n  c e n tra lly  s itu a te d  w ith  the  surface com posed o f n o n -p o la r 
a lip h a tic  and arom atic groups to assist in  the lip id  s o lu b ility . The 
fo rm a tio n  o f a lip id  so lub le  com plex w ou ld  fa c ilita te  the  tra n s p o rt 
o f ca tio n s  across ce ll m em branes and th is  s o lu b ility  e ffect is  
be lieved to  be the  source o f the  tra n s p o rt ca ta lys is . There fore  
m ost stud ies have been on the so lu tio n  chem istry  o f the  com pound 
to  he lp  unders tand  th e ir tra n sp o rt processes.
The s o lu tio n  che m is try  fo r the  com plexa tion re a c tio n  is  n o t 
n e ce ssa rily  th a t seen in  the  com p lexa tion  a t th e  lip id  su rface . 
P hospho lip id  b ilaye rs are ty p ic a lly  8 0 - 1 0 0 Â  t h i c k , 4  ionophores are 
large m olecules and fo rm  com plexes about a q u a rte r o f th is  s iz e .3 
The h ig h  a n iso tro p y  o f the  in te rio r o f a m em brane and possib le  
in te ra c tio n s  w ith  th e  lip id  headgroups cou ld  a lso  a ffe c t the  
re a c tiv itie s .
2 . 1 . 1  Ion  com plexa tion  s tud ies (Therm odvnam lcl.
The ion oph o ric  a n tib io tic s  fu n c tio n  by  the tra n s p o rt o f ions 
across ce ll m em branes. As the y are im p o rta n t in  the  a g ric u ltu ra l 
in d u s try  th e y  have been extensive ly s tud ied . A  large n u m b e r o f 
system s and m ethods have been used in  the quest fo r in fo rm a tio n . 
The fo llo w in g  section  con ta ins  an overview  o f the  m ethods used 
and the  re su lts  w h ich  can be obtained from  them .
A  good p lace to  s ta rt on the  tra il o f in fo rm a tio n  is  th e  
m easurem ent o f p ro to n a tio n  constan ts (pK^'s) o f the  ionophores.
The com p lex ing  species is  u s u a lly  the  ca rb o xy la te  io n  so th e  
fo rm a tio n  o f th is  species is o f in te rest. Polyether a n tib io tic s  are a t 
best spa ring ly  so luble in  w ate r so a w ide range o f d iffe re n t so lvents
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have been used to pe rfo rm  these experim ents. The p rob lem  w ith  
th is  is  th a t such data is on ly  applicab le to a p a rtic u la r so lvent so no 
com pariso ns can be m ade.3 I t  has been recom m ended th a t a 
s ta n d a rd  so lve n t system  sh o u ld  be adopted. The system  p u t 
fo rw a rd  is  m e th a n o l/w a te r as ionophores tend  to  be m e th a n o l 
so lub le  and a m ean ing fu l pH  scale and standard  b u ffe rs  have been 
developed fo r th is  solvent.®
The ca tio n  com plexation constan ts are o f obvious im portance  
en ab lin g  p re d ic tio n s  to  be made ab ou t com plex s ta b ility  and io n  
preference. The low  w ate r s o lu b ility  o f the po lye the r a n tib io tic s  is  
again a prob lem  here b u t there  are tw o possible approaches. One 
is  to  use so lvents in  w h ich  b o th  io n  and ionophore  are so lub le , 
such  as m e thano l and e thano l. The o the r is  to  use a tw o phase 
system  and to  m easure the ion  extrac tion  fro m  the  aqueous phase 
in to  an organic laye r.3
The firs t m ethod has been successfu lly used fo r a nu m be r o f 
ionophores in c lu d in g  m onensin , ^  n igericin®  and lasa loc id  (see 
F ig u re  2 -1 .) b u t few  ion opho re s have been m easured . The 
fo rm a tio n  o f the  com plex can be m o n ito re d  b y  a n u m b e r o f 
m ethods, in c lu d in g  cation-se lective  electrodes, ca tio n  in d ic a tin g  
d ye s ,3 s p e c tro p h o to m e tric iI and flu o ro m e tric ^^  m ethods. The 
la tte r  tw o  can o n ly  be used w ith  ion o p h o re s  w ith  s u ita b le  
spectroscopic properties. Lasalocid A, w h ich  con ta ins  an a rom a tic  
group, has been successfu lly stud ied in  th is  way. 13
A n  a lte rn a tiv e  s o lu tio n  s ta te  m e th o d  is  b y  use  o f 
th a ll iu m ( I ) .  12 T1+ is  com plexed b y  m a ny io n o p h o re s  w ith
34
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F igure  2-1. The s tru c tu re s  o f m onensin, n ig e rlc in  and lasa loc id  A, 
th ree  com m on po lye ther a n tib io tics .
con com ita n t quench ing o f fluorescence. Thus the  con cen tra tio n  o f 
the  com plex can be determ ined and hence the fo rm a tio n  con stan t 
can be fo u n d . The d isp lacem en t o f T1+ by o th e r ion s can be 
m easured, th e re b y  o b ta in in g  the  fo rm a tio n  co n s ta n ts  o f th e  
re s u ltin g  com plex. A  s im ila r com petetive d isp la cem e n t m ethod 
fo llo w s  th e  re p la ce m e n t o f p ro to n s  w ith  o th e r c a tio n s  b y  
m o n ito rin g  the p H .i^
Instead o f m easuring the fo rm a tio n  co n s ta n t th e  e x tra c tio n
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e q u ilib r iu m  c o n s ta n ts  (Kg^) can be d e te rm ined . These are 
m easured by e q u ilib ra tin g  a bu ffe red  aqueous s o lu tio n  o f ca tio n  
w ith  an im m isc ib le  o rgan ic  phase c o n ta in in g  ion oph o re . The 
up take  o f ca tion  in to  the organic phase is followed and assum ed to  
be due to  com plexa tion . The know n da ta  can th e n  be used to  
ca lcu la te  a co n sta n t describ ing  the  overa ll e q u ilib riu m  u s in g  the  
equations. IS
^ï^(org) ^^(aq) ^ ^ (o rg ) ^^(aq)
2 A H (o rg ) +  M ^'^(aq) ^  ^ 2 ^ (o r g )
Kex = 2 -2
The nu m erica l values obtained by th is  m ethod are dependent 
on th e  so lve n t system  due to  so lva tion  d iffe rences, o ften  70%  
to lu e n e /30%  m ethano l is  used. A  sim ple m ethod w h ich  can be
used is  a co m pe titive  d isp la cem e n t o f a b o u n d  c a tio n  in  an
e x tra c tio n  system .^ Th is on ly gives a re la tive  o rder o f a ffin itie s  as 
u n fo rtu n a te ly  the data is  n o t re lia b ly  quantifiab le .
2 .1 .2  Ion  C om plexation S tud ies fK inetic).
T he  p re v io u s  s e c tio n  w as c o n c e rn e d  w ith  th e  
the rm odynam ic aspects o f the com plexation process. A  com plete 
u n d e rs ta n d in g  o f th is  procedure m u st also in c lu d e  a s tu d y  o f the  
k in e tic s . The ra te  o f com plexation m u st necessarily  be ra p id  i f  a
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m a te ria l is  to  be an e ffic ie n t ionophore. Therefore m ethods such  
as ra p id  m ix ing  and tra n s ie n t p e rtu rb a tio n  m u st be used.
The com plexa tion  reaction  occurs v ia  the  rep lacem ent o f co­
o rd in a tin g  so lve n t m o lecu les b y  th e  lig a n d . The p o ly e th e r 
a n tib io tic s  are a ll m u ltid e n ta te  ligands so the  re action  occurs w ith  
a n u m b e r o f s u b s titu tio n  steps as w e ll as c o n fo rm a tio n a l 
rearrangem ent. There are tw o lim itin g  m echanism s:
1 D issocia tive The so lve n t leaves the  in n e r c o -o rd in a tio n
sph e re  p r io r  to  th e  m e ta l- lig a n d  b o n d  
fo rm a tio n .
2 Associative The lig a n d  m e ta l bo nd  fo rm s  be fo re  th e
solvent m olecule is  lost.
M ost a c tu a l reactions fa ll som ewhere between these tw o extrem es. 
A n exam ple cou ld  be an 8 ^2  type reaction  w here an o^^rgen atom
on the  ligand  displaces a solvent m olecule.
There are a n u m be r o f prob lem s associa ted w ith  k in e tic  
s tu d ie s  on ion oph o re s . The re a c tio n s  are ra p id , p o ly e th e r 
a n tib io tic s  have lo w  w a te r s o lu b ility  and are g e n e ra lly  po o r 
chrom ophores. C onven tiona l ra p id  re a c tio n  te ch n iq u es can be 
used b u t care m u s t be taken  to  select the co rrect m ethod.
The ra p id  m ix in g  techn iques, e.g. stopped flo w  and pu lsed  
flow , have been used fo r the s tud y o f the k in e tics  w ith  a lk a li m e ta l 
ions. A n exam ple o f th is  is  a s tud y  on the p ro to n /so d iu m  exchange 
re ac tion  o f m onensin  follow ed b y  a stopped flo w  techn ique. ^6
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The a lte rn a tive  procedures are a ll re la xa tio n  m ethods. In  
the se  th e  system  is  ra p id ly  p e rtu rb e d  and  th e  re tu rn  to  
e q u ilib r iu m  m o n ito re d . The re la x a tio n  tim e  re la te d  to  th e  
c o n ce n tra tio n s  o f th e  species p resen t and the  ra te  co n s ta n ts .
S uch m ethods in c lu d e  pressure  j u m p ,  17  pressure  shock 18 and 
tem pera tu re  ju m p  techniques, i^
2 .1 .3  T ra n sp o rt stud ies.
The above m ethods provide in fo rm a tio n  a b o u t th e  s o lu tio n  
s ta te  b e h a v io u r o f p o lye th e r a n tib io tic s . I t  is  how ever th e ir  
b e h a v io u r a t so lu tio n  in te rfaces w h ich  is  o f m ost im po rta n ce  as 
th is  governs th e ir  tra n s p o rt in  re a l system s. There fore s tu d y  o f 
ionophore  m ediated tra n s p o rt across m em branes m u s t be ca rried  
ou t. T h is  takes in to  account the  differences between re a c tio n  in  a 
so lu tio n  and a reaction  in  the  h ig h ly  an iso tro p ic  co n d itio n s  fo u n d  |
a t the  solvent-m em brane in te rface  in  liv in g  cells.
M uch w o rk  has been ca rried  o u t on the tra n s p o rt p rope rties  
o f these m a te ria ls  fun de d  b y  th e ir im po rta nce  in  th e  live s to ck  
in d u s  cry. They are also w ide ly  used as experim enta l too ls , e.g. in  
ion -se lec tive  electrodes, b u t here o n ly  m ethods w h ic h  c o n trib u te  
to  the  u n d e rs tan d ing  o f the tra n sp o rt process w ill be d iscussed.
I
The place to  s ta rt an in ve s tig a tio n  in to  io n  tra n s p o rt is  to  
decide on a m odel m em brane. The s im p lest system  used is  the  
“P ressm an c e ll” o r “U -tu b e  tra n s p o rt” . T h is  is  a th re e  phase |
system  w ith  tw o aqueous layers separated a t the base o f a U tub e  by  
a la ye r o f ch lo ro fo rm  o r carbon te tra ch lo rid e  (see F igu re  2 -2 .).
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One aqueous s o lu tio n  con ta ins the  cation  u n de r in ve s tig a tio n  w ith  
th e  ion oph ore  d isso lved in  the  m em brane. A t th e  ch lo ro fo rm  
aqueous in te rface  the  ionophore deprotonates and com plexes w ith  
a ca tio n . The com plex the n  d iffuses th ro u g h  the  m em brane and 
th e n  d isgorges its  c a tio n  a t th e  o th e r in te rfa c e , w here  i t  is  
replaced by a p ro ton  o r ano ther ca tion . Th is process w ill con tinue  
u n t il th e  system  reaches e q u ilib riu m . The tra n s p o rt can be 
fo llow ed b y  any su itab le  m ethod such as atom ic absorp tion  o r us ing  
ra d ioch em ica l tra ce r techn iques.^
CHCl
F igure 2-2. A  schem atic representa tion  o f a U -tube system .
A n a lte rna tive  co n fig u ra tio n  fo r th is  system  is  w ith  the  three  
laye rs stacked v e rtic a lly . In  p rac tice  the  d e n s ity  o f th e  o rgan ic  
la ye r m ay be decreased by  u s in g  a m ix tu re  o f ch lo ro fo rm  and 
a lkane, eg decane. The d e ns ity  o f the  low er aqueous la ye r be ing  
ra ised  by  d issolved sucrose (see F igure  2 - 3 ) . The da ta  ob ta ined
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fro m  th is  system  is  u s u a lly  in  good agreem ent w ith  th e  re la tive  
b in d in g  a ffin itie s  fo u n d  by tw o phase e x tra c tio n , as m ig h t be 
exp ecte d  fro m  th e  s im ila r ity  in  these  te c h n iq u e s . The 
décom plexation  ra tes are however n o t always analogous to  those 
ob ta ined from  the  2 phase s y s te m .3 in  sum m ary th is  m ethod gives 
u s e fu l in fo rm a tio n  re la tiv e ly  q u ic k ly  and easily . As m ig h t be 
expected there  is  a downside to  th is  m ethod. T h is  lies  in  the  h ig h  
dependence o f the fin a l re su lts  on the con d ition s such  as s tir r in g  
ra te  and vessel geom etry.3
HoO + M CI
CHCl3 /Decane
Sucrose
F igure  2 -3 . A  schem atic rep resen ta tion  o f a th ree  la ye r tra n s p o rt 
system .
A  som ew hat s im ila r techn ique in vo lv in g  d iffu s io n  across an 
orgEinic so lvent laye r is  the use o f liq u id  ion-exchange electrodes.^ ^  
Here the  ionophore is  dissolved in  an organic phase ins ide  an in e rt 
m a trix  w ith  com plexa tion  a t one face a llow ing  an io n  to  trs in sp o rt 
and a charge to  pass. T h is  system  has been used to  p roduce 
s e le c tiv ity  sequences w h ic h  m ay be e q u iva le n t to  th e  b in d in g  
sequence. The d ra w b a ck  to  th is  process is  th a t io n o p h o re
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m edia ted tra n s p o rt is  e le c tric a lly  n e u tra l ove ra ll so an y charge 
conductance m u st a lte r the  tra n sp o rt cond itions. T h is  m eans th a t 
any da ta  m u s t be trea ted  w ith  ca u tio n  w hen re la ted  to  m em brane 
tra n s p o rt. A  s im ila r system  to  th is  are b la ck  lip id  b ila ye rs . In  
these tw o h a lf ce lls  are separa ted by  a p h o s p h o lip id  b ila y e r, 
covering a p inho le . The ad d itio n  o f some ionophore a llow s ca tions 
to  cross th is  m em brane the reby a llow ing  the  tra n s p o rt ra tes to  be 
m easured.
A  m ore accurate p ic tu re  o f in  vivo tra n s p o rt can be ob ta ined 
b y  u s in g  p h o sp h o lip id  m em branes. These can be as vesic les, 
m u ltila m m e lla r liposom es o r even actu a l cells. The tra n s p o rt can 
be fo llow ed b y  a range o f techn iques fro m  p h ys ica l m ethods, to  
observing the s tim u la tio n  o r depression o f a n a tu ra l a c tiv ity  o f the  
ce ll. A  p o p u la r exam ple o f the  la tte r case is  the  use o f separated 
m ito ch o n d ria  w h ich  are easily  prepared and ve ry  v e rs a tile .22 in  
th is  case the  tra n sp o rt can be followed by:
a) observ ing  the  sw e llin g  o f the  m ito c h o n d ria  due to  io n
uptake ,
b) m o n ito rin g  the release o f cations from  the  m ito ch o n d ria ,
o r c) observing  one o f the  fu n c tio n s  o f the  m ito ch o n d ria , e.g.
re sp ira tio n .
O ther ce ll types can also be used fo r exam ple eryth rocytes, 23 
ch lo rop lasts24  and in ta c t cells where ionophore a c tio n  generates a 
c e llu la r response.25
The re s u lts  ob ta ined  u s in g  these m ethods m u s t a lso  be 
tre a te d  w ith  ca u tio n  in  com parison to  those fo u n d  u s in g  o th e r
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system s. The ion  b in d in g  sequences and the se le c tiv ity  sequences 
ob ta ined  fro m  liq u id  m em brane electrodes need n o t m a tch  those 
ob ta ined  u s in g  o th e r m ethods. There is  u s u a lly  good q u a lita tiv e  
co rre la tio n  between the tra n sp o rt sequence and b in d in g  sequence 
fo r isocou lom b ic ions, a lth o u g h  the re  are exceptions.26 There is  
a lso u s u a lly  good q u a lita tiv e  agreem ent betw een the  tra n s p o rt 
sequences ob ta ined by d iffe re n t m ethods b u t the re  are d iffe rences 
in  a few cases, eg. d ianem ycin 6 (Figure 2-4).
OMe
Me
O•MeMe MeOHMe
Me
Me
H O —f - C H 2OH 
OH
M eHCOgHMe Me Me
D ianem vcin
F igure 2-4. The s tru c tu re  o f D ianem ycin.
42
2.2  T ra n s p o rt and B in d in g  S tud ie s  on S a lin o m v c in  and
Narasin.
2.2 .1 D iscovery and in  vitro studies.
S a linom ycin  and na ras in . F igure 2-5, are b o th  com m erc ia lly  
im p o rta n t p o lye th e r a n tib io tic s  and as such  have been w id e ly  
s tu d ie d . M any o f the  above m ethods have been used and the  
re su lts  obta ined are reviewed below:
CH.
OH
CH.
OH.
CH. CH. DH
R=H Salinomycin 
R=CHo Narasin
F igure  2-5. The s tru c tu re s  o f sa linom ycin  and na ras in .
S a linom ycin  was discovered in  1971 b y  the  K aken C hem ical 
Co. in  Japan. The firs t paper pub lished about the  properties o f th is  
m a te ria l fo llow ed in  1974.^7 Th is m erely showed th a t the  m a te ria l 
was a po lye the r a n tib io tic , active against E im eria  and gram  positive  
bacte ria . No tra n sp o rt stud ies were carried  ou t.
The f ir s t tra n s p o rt s tud ies on sa lin o m yc in  and de riva tive s 
were pub lishe d  a year la te r by  the same g r o u p . ^ 8  B o th  tw o phase 
e x tra c tio n  and tra n s p o rt across a b u lk  o rgan ic m em brane w ere 
used in  th e  s tu d y , the  process be ing  fo llow ed b y  th e  use o f 
ra d ioa ctive  isotopes. The tw o phase e x tra c tion  experim ents w ere
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carried  o u t us ing  n -b u ta n o l/to lu e n e  as the organic layer, v igo rous ly  
m ixed w ith  a bu ffe red  aqueous laye r co n ta in in g  the  is o to p ic a lly  
labe lled  cations. The associa tion complexes were ca lcu la ted  us in g  
eq ua tio n  2-1 , given above. The re su lts  showed a preference fo r 
m onova lent cations over d iva le n t ones and m ore sp e c ifica lly  a great 
preference fo r po tass ium  over a ll the  o th e r ca tio ns  tested . The 
deriva tives stud ied  were acetyl and p rop ionyl sa linom ycin  and also 
the  m e th y l and brom ophenacyl esters. The s ite  o f a cy la tio n  is  
unspec ifie d  b u t is  p roba b ly  C(20)-OH. I t  was observed th a t the  
la tte r p a ir were unab le  to  com plex any cations to  any appreciab le  
exten t, de m on stra tin g  the im portance  o f the carboxyla te  an ion  in  
co m p le xa tio n . The a ce ty l and p ro p io n y l d e riva tive s  fo rm ed  
com plexes w ith  com parable  va lues o f to  those e xh ib ite d  b y
sa lin o m y c in  its e lf. The p o ta ss iu m  com plexes o f these la tte r  
com pounds had s lig h tly  low er va lues, the  so d iu m  s lig h tly
h ig h e r b u t there  was a ten  fo ld  decrease in  the  values observed fo r 
cæ sium.
The tra n s p o rt across a b u lk  organ ic phase was m easured 
u s in g  b o th  a U -tube  type system  (using a septum  to  separate tw o 
aqueous layers above a carbon te tra ch lo rid e  l a y e r )  and a th ree 
la ye r system . T h is  la tte r case used a decane /carbon te tra ch lo rid e  
la y e r w ith  the  lo w e r aqueous la ye r m ade m ore dense w ith  
d isso lved sucrose. The aqueous layers were bu ffe red  a t pH  9 .8 . 
The da ta  ob ta ined  fro m  the  tw o system s was com parab le . The 
re su lts  showed th a t fo r sa linom ycin  in  the three  phase system  the  
tra n s p o rt sequence was:
Rb+, Na+ > K+ » Cs+, Mg^+, Ca^+ and Sr^+ 
w h ich  disagrees w ith  the  ion  preference data m entioned above. So
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m ore ac tive  a n tim ic ro b ia lly , a lth o u g h  th is  depended on th e  
b a c te ria  b e in g  co n s id e re d . B o th  how ever s t i l l  e x h ib ite d  
considerable  a n tim ic ro b ia l a c tiv ity  dem onstra ting  th a t th is  s ite  is  
im p o rta n t b u t n o t c ru c ia l fo r com plexation. One h ig h ly  in te re s tin g
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the  m ost stab le com plex is  n o t the  m ost e ffic ie n t tra n s p o rte r, a t 
lea st in  th is  experim enta l system . In  tra n s p o rt experim ents w ith  
the  de riva tives i t  was seen th a t the  carboxyl esters w ere in a c tive  |
b u t th a t the  ace tyl and p ro p io n y l derivatives were o f com parable 
e ffic ie n c y . T h u s  th e  ca rb o xy la te  io n  is  c ru c ia l fo r c a tio n  
com plexation and tra n sp o rt b u t acyla ting  the  h yd ro xy l groups need J
n o t be disadvantageous. ï
In  1976 a fu r th e r  pa pe r on th e  e ffe c t o f s tru c tu ra l 
m o d ific a tio n  on the  a c tiv ity  o f sa lin o m yc in  was p u b lis h e d  b y  
M iyazaki et al.^9 The groups selected fo r m o d ifica tio n  were m a in ly  
oxygen con ta in in g , a t C (l), C ( ll)  and C(20) b u t also in c lu d e d  the  
v in y lic  s ites a t C(18) and C(19). The effects on io n  com p lexa tion  
a b ilitie s  and a n tim ic ro b ia l a c tiv ity  on a num ber o f b a c te ria  were 
s tu d ie d . The re su lts  ob ta ined were very in te re s tin g  and showed 
th a t the  ionophoric  a c tiv ity  cou ld  be enhanced o r decreased by  the  .g
m o d ifica tio n  o f ce rta in  sites. I t  was seen th a t e s té rifica tio n  o f the  
carboxyl group produced com plete loss o f a c tiv ity . The acy la tion  o f 
C (20 )-O H  w as fo u n d  to  p ro d u ce  an e n h a n ce m e n t o f th e  
a n tim ic ro b ia l a c tiv ity . H ydrogenation o f the  v in y lic  double bond 
and o x id a tio n  o f C(20)-OH to  a ketone were b o th  seen to  have a 
large effect on the  a c tiv ity . The C(18) - C(19) d ih yd ro  d e riva tive  
w as seen to  have lo s t m o st o f its  p o ta ss iu m  and ru b id iu m  
p re fe rence  and the  C (20 )-ke to  d e riva tive  show ed even lo w e r 4
va lues fo r K ^. In te re s tin g ly  the  C (20)-keto fo rm  w as g e n e ra lly  I
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fea tu re  o f th is  experim ent was the  com plete loss o f a c tiv ity  caused 
by re d u c tio n  o f the ketone a t C( 11) to  a hyd roxy l. T h is  shows th a t 
th is  p -hydroxy ketone is  o f c ru c ia l im portance in  the  fo rm a tio n  o f 
com plexes.
N arasin  was discovered in  1976 by E li L illy  in  A m erica . The 
f irs t paper pub lished  on th is  new m a te ria l 80 showed th a t i t  was a 
new  po lye the r a n tib io tic  and active aga inst gram  pos itive  bacte ria , i
anaerobic ba cte ria  and fun g i. I t  was also show n th a t n a ra s in  was $
active aga inst coccid iosis in  ch icken, b u t no tra n s p o rt s tud ies were 
ca rried  o u t a t th is  tim e.
A n in  v itro  s tu d y  o f na ras in  us in g  a three phase system  has 
a lso  been p u b lis h e d ^ i b u t in  th is  case no d e riva tive s  w ere 
investiga ted . T h is  w o rk  showed a preference fo r po ta ss iu m  over 
sod ium  in  a U -tu b e  system  w ith  a ch lo ro fo rm  m em brane. The 
va ria tio n  o f io n  flu x  w ith  pH o f the  s ta rtin g  aqueous phase was also 
m easured w ith  the receiving phase m a in ta ined  a t n e u tra l pH . In  
n a ra s in  th is  showed a ro ugh ly  p a ra lle l increase in  the  io n  flu x  fo r 
b o th  po tass ium  and sod ium  as the so lu tio n  becam e m ore basic.
T h is  increase is  a ttrib u te d  to  the  ease o f de p ro ton a tion  a t h ig h e r 
pH  w h ich  enables the com plex to fo rm  m ore re ad ily .
2 .2 .2  In  vivo tra n sp o rt stud ies.
A  va rie ty  o f live  cells and glands have been used in  the  s tu d y  |
o f the  tra n sp o rt p roperties o f sa linom ycin  and na ras in . These have 
in c lu d e d  ra t live r m itochondria , erythrocytes and s u b m a x illa iy  and 
peirotid glands o f ra ts.
M ito c h o n d ria  are observed to  sw ell w hen th e y  are loaded 
w ith  ca tio ns. T h is  can be achieved by  s tim u la tin g  the  u p ta ke  o f 
a lk a li m e ta l io n s  w ith  v a lin o m y c in  o r m o nazo m yc in  in  th e  
presence o f ATP and a substra te , u su a lly  succina te  o r g lu tam a te . 
A n y  change in  the  size o f m ito ch o n d ria  can be observed b y  lig h t 
s ca tte rin g  m easurem ents.82 Thus, i f  cations can be rem oved fro m  
pre loaded ce lls  the  size o f the  m ito ch o n d ria  w ill be observed to  
decrease. T h is  can be used as a m ethod to  de term ine w h e th e r o r 
n o t a p a rtic u la r ca tio n  is  tra nspo rte d . I t  also gives some idea o f 
th e  io n  p re fe re n ce s b y  o b se rv in g  th e  ra te s  a t w h ic h  th e  
m ito ch o n d ria  decrease in  size w ith  a range o f ca tions. The da ta  
ca n n o t be re lie d  up on  to  p roduce  q u a n tita tiv e  re s u lts  b u t a 
q u a lita tiv e  preference order can be determ ined.
The o th e r use fo r m ito ch o n d ria  in  th is  type o f s tu d y  is  the  
observed in h ib it io n  o f ATPase a c tiv ity  in  th e  p resence  o f 
io n o p h o re . In  re s p irin g  m ito c h o n d ria  c e rta in  s u b tra te s  e.g. 
g lu ta m a te , a -ke tog lu ta m a te , succ ina te , m a la te , p y ru va te  and p- 
h yd ro xyb u ty ra te s  are ox id ise d .8 8  The to ta l sequence invo lves the  
h yd ro lys is  o f an ATP m olecu le  to  ADP and in o rg a n ic  phosphate  
w h ich  is  one w ay o f fo llo w in g  the  reaction . T h is  ATPase a c tiv ity  
has been seen to  be in h ib ite d  in  the  presence o f a p o lye th e r 
a n t ib io t ic .83 T h is  in h ib itio n  is  know n to  be re la te d  to  th e  
tra n s p o rtin g  a b ility  o f the  ionophore  w ith  respect to  th e  ca tio n  
w ith  w h ich  the m ito ch o n d ria  are loaded. In  th is  w ay i t  is  possib le 
to  id e n tify  an io n  preference sequence and c e rta in ly  e lu c id a te  
w h ich  cations are n o t transpo rted  a t a reasonable ra te . The loss o f 
ATPase a c tiv ity  is  believed to  be caused by  the  lo w e rin g  o f th e  
in te rn a l pH  o f the  m ito ch o n d ria  due to  the  tra n s p o rt o f p ro ton s
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in to  the  m ito ch on d ria . 84 T h is  balances the m o tion  o f the  ca tions 
in  the  opposite d ire c tion .
The re s u lts  o f a s tu d y  o f s a lin o m y c in  w ith  ra t liv e r  
m ito ch o n d ria  were v e iy  c lear cu t.. T h is  used b o th  m ito c h o n d ria l 
s w e llin g  and  ATPase in h ib it io n  m easurem ents to  s tu d y  th e  
tra n s p o rt p rope rties  w ith  a lk a li m e ta l ions. The d a ta  suggested 
th a t s a lin o m y c in  tra n s p o rte d  io n s  a cro ss  m ito c h o n d r ia l 
m em branes w ith  a preference sequence of:
K+ > Rb+ > Na+ > Li+, Cs+-
P otassium  was fo u n d  to  be easily  the  m ost re a d ily  tra n sp o rte d  
ca tio n . I t  was also noted th a t a h ig h  e x te rna l co n ce n tra tio n  o f 
a lk a li m e ta l ca tions decreased the  ATPase in h ib itio n  seen and 
in h ib ite d  the a n tim ic ro b ia l a c tiv ity  induced by sa linom ycin .
A  s tu d y  o f the  e ffec t o f n a ra s in  on re s p irin g  ra t liv e r 
m ito ch o n d ria  was pub lished  by W ong et a l in  1977.85 in  th is  case 
the  ATPase a c tiv ity  was s tim u la te d  b y  th ree  d iffe re n t agents: a) 
2 ,4 -d in itro p h e n o l, b) v a lin o m y c in  and p o ta ss iu m  io n s  and  c) 
m onazom ycin. In  each case the the a d d itio n  o f n a ra s in  in h ib ite d  
ATP h yd ro lys is . I t  was seen th a t ne irasin  and m o nen s in  b o th  
p re fe rred  to  com plex w ith  am m onium  ions over any a lk a li m e ta l 
ca tio n . The observed preference sequence fo r the  a lk a li m e ta ls  
was:
Na+ > K+, Rb+ > Ll+,Cs+.
T hus sod ium  is  preferred over a ll o thers w ith  lith iu m  and cæ sium  
on ly  very s low ly  transported .
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Red blood ce ll are a good m edium  fo r s tu d y in g  io n  tra n sp o rt. t
In it ia lly  s tu d ie s  on re a l ce lls  used m ito c h o n d ria , as in  those  |
m entioned  above. The prob lem  w ith  these is  th a t th e y  im pose |
th e ir  ow n io n  tra n s p o rt m echan ism s on th e  ca tio n s  m a k in g  
in te rp re ta tio n  re la tiv e ly  com plex. E ry th ro cy te s  how ever do n o t
2give rise  to such problem s as w e ll as being re la tive ly  u n ifo rm  bags Iio f ca tio n s . In  the  w ords o f P a in te r and P r e s s m a n ^ S  th e y  are I
"na tu re 's  own liposom es". The problem  lies in  fo llo w in g  the ca tio n  i
tra n s p o rt. In  m ito ch o n d ria  th is  is  done b y  observ ing  th e  ce ll 
a c tiv ity  and seeing how  i t  changes. T h is  approach is  n o t possib le  
in  re d  b lo o d  ce lls . T h is  d ra w b a ck  w as overcom e b y  th e  
deve lopm ent o f io n  se lective glass e lectrodes fo r so d iu m  and 
po tass ium . The s tud ies on sa linom ycin , n a ra s in  and a range o f 
o ther ionophores have been carried ou t us ing  such a system  23,36,
The io n  preferences can be w orked o u t fro m  the  b e ha v io u r 
o f th e  sod ium , po ta ss iu m  and hydrogen io n  co n ce n tra tio n s  on 
a d d itio n  o f the  ionophore. Two representa tive  traces, reproduced 
fro m  reference 36, show  the  ch a ra c te ris tic  behav iou rs  of. F igu re  
2-6 . a po tassium  selective ionophore (n igerlc in ) and. F igure  2-7 . a 
sod ium  selective ionophore (m onensin). I t  is  the  in it ia l d ire c tio n  
o f m ovem e n t o f p ro to n s  w h ic h  show s th e  p re fe rre d  io n . 
E ry th rocytes have a h ig h  po tassium  concen tra tion  ins ide  and h ig h  
so d iu m  o u ts ide , i t  is  the  loss o f these io n  g ra d ie n ts  th a t are 
w a tch ed  in  these experim en ts . The tra n s p o rt is  e le c tr ic a lly  
n e u tra l, so the  to ta l io n  fluxes in  opposite d ire c tio n s  m u s t be the  
same. T hus the ne t p ro ton  flu x  is  in  the same d ire c tio n  as th a t o f 
the  slow er m oving cation .
F igure  2-6 . A  p lo t show ing the exchange o f in te rn a l po tass ium  fo r 
exte rna l sod ium  and pro tons catalysed by n ig e rlc in  in  eryth rocytes. 
M ovem ents o f ions fro m  the  ce lls in to  s o lu tio n  is  show n b y  a 
dow nw ard d e fle c tio n . ^ 6
No*
Nal
No"
20 mM • 
A N a * '
M onensin
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I min
F igure  2-7. A  p lo t showdng the exchange o f in te rn a l po tass ium  and 
pro tons fo r exte rna l sod ium  catalysed by m onensin in  e iy th rocyte s. 
M ovem ents o f ions fro m  the  ce lls in to  s o lu tio n  is  show n by  a 
dow nw ard de fle c tio n .36
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The preference can be q u a n tifie d  by fin d in g  th e  ra tio  o f the  
in it ia l ra tes o f sod ium  and po tassium  tra n sp o rt. W ith  n ig e ric in  the  
po ta ss iu m  io n  g ra d ie n t across the m em brane is  d iss ipa ted  m u ch  |
m ore ra p id ly  th a n  the  sod ium  io n  grad ien t. T h is  gives rise  to  the  
observed b id ire c tio n a l n a tu re  o f the  p ro to n  tra n s p o rt. In it ia lly  
p ro to n s  are m oving in to  the  e ryth rocytes to  ba lance the  loss o f 4
po tassium , the  la te r e fflu x  is  to  balance o u t the  m uch  slow er in flu x  
o f sod ium  ions. The e q u ilib riu m  values o f the  co n ce n tra tio n s  are 
independent o f the  ionophore used.
The re su lts  o f th is  experim ent w ith  sa linom ycin  and n a ra s in  
show ed th a t b o th  w ere p o ta ss iu m  se lective  io n o p h o re s  w ith  
n a ra s in  d e m onstra tin g  the  greater po tass ium  preference. In  the  
same paper there  is  a b r ie f note th a t tw o a rtific ia l ionophores, one 
an a -ca rb o xy l co-hydroxyo ligoethylene g lyco l d e riva tive  and th e  
o th e r a d in a p h th y l 18 -crow n-6  de riva tive  w ith  tw o  ca rboxy side 
arm s, fa ile d  to  show  any a c tiv ity  us ing  th is  m ethod, even a t 1 0 0  
tim e s  g rea te r co n ce n tra tio n s  th a n  those used fo r th e  n a tu ra lly  
o ccu rrin g  ionophores.
In  1986 K a toh  and Tsuda  dem onstra ted th a t sa lin o m yc in  
tra n s p o rts  ca lc iu m  in to  the  p a ro tid  and s u b m a x illa ry  g lands o f 
rats.25.37 T h is  was dem onstrated by the s tim u la tio n  o f sa liva tio n  b y  |
the  a d d itio n  o f sa lino m yc in  to  a ca lc ium  ric h  s o lu tio n  c o n ta in in g  
the  glands. I f  there  is  no ca lc ium  in  the exte rna l m ed ium  th e n  no 
am ylase release is  observed. T h is  m ethod shows th a t tra n s p o rt 
o ccu rs  b u t ca n n o t give an y  q u a n tifia b le  d a ta  on ra te s  and 
pre fe rences.
51 4
A n a lte rn a tive  m ethod fo r s tu d y in g  the  tra n s p o rt is  to  use 
p h o sp h o lip id  vesicles as m odel m em branes. The o n ly  p u b lish e d  
w o rk  on sa lin o m yc in  and n a ra s in  is  by  R id d e ll and T om pse tt, 
w h ich  consists o f p a rt o f the w o rk  in  th is  th e s is .38 The tra n s p o rt 
ra tes  o f the  po tass ium  com plexes were observed to  be fa s te r fo r 
b o th  ionophores. S a linom ycin  also showed a c lea r the rm odynam ic 
preference fo r po tassium  w ith  the  s ta b ility  constan ts o f the  sod ium  
and po tassium  com plexes o f na ras in  rough ly  the same.
2 .2 .3  The b in d in g  se lectiv ities o f na ras in  and sa lino m vc in  u s in g  
n o n -tra n sp o rt m ethods.
A  co m p le te ly  d iffe re n t a p p ro a ch  is  to  c a lc u la te  th e  
d isso c ia tio n  con stan ts  o f the  com plexes in  s o lu tio n  w h ic h  gives 
in fo rm a tio n  on the  s ta b ility  o f the  com plexes and hence th e ir  
in tr in s ic  p re fe rences. The p rob le m  is  how  to  m easure  th e  
co n ce n tra tio n s  o f the  free a n io n ic  and com plexed fo rm  o f th e  
ionophore in  so lu tio n . One m ethod w h ich  has been su cce ss fu lly  
used is  c irc u la r d i c h r o i s m . 3 9  Th is is  on ly app licab le  i f  the re  is  a 
s u ita b le  ch rom ophore  ne a r to  a s ite  o f m a jo r co n fo rm a tio n a l 
change on co m p le xa tio n . There is  such  a s ite  p re se n t in  
sa lin o m yc in  and n a ra s in  (the ketone a t C ( ll) )  and th is  approach 
has been used to  ob ta in  use fu l data.
Plane po la rised  lig h t can be considered as tw o com ponents 
o f c irc u la rly  po larised lig h t w ith  id e n tica l am p litude  and phase, b u t 
ro ta tin g  in  opposite d ire c tion s. C ircu la r D ich ro ism  (CD) is  one o f 
tw o techn iques w h ich  re ly  on the  d iffe rence in  the  b e h a v io u r o f 
le ft and  r ig h t c irc u la r ly  p o la rise d  lig h t w ith  o p tic a lly  ac tive  
m a te ria ls  as the  frequency o f the  lig h t is  changed. The o th e r
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te c h n iq u e  is  O p tic a l R o ta to ry  D isp e rs io n  (ORD), w h ic h  is  |
com m only seen as the ro ta tio n  o f m onochrom atic p lane po la rised  
lig h t b y  an o p tica lly  active m ateria l.
There are tw o im p o rta n t fa c to rs  w h ich  c o n trib u te  to  the  
in te ra c tio n  o f po larised lig h t w ith  a m a te ria l. One is  the  re frac tive  
in d e x  and the o th e r the e x tin c tio n  coe ffic ien t o f an  ab so rp tio n .
The re fra c tive  in d e x  c o n trib u tio n  arises because lig h t tra ve ls  a t 
d iffe re n t ve lo c itie s  in  d iffe re n t m edia. I t  is  observed th a t the  
d iffe re n t enantiom ers o f a c h ira l m a te ria l show  a d iffe rence in  the  
re fra c tive  ind ex fo r le ft and r ig h t c irc u la rly  po la rised  lig h t. T h is  
m eans th a t one com ponent o f the  lig h t w ill be tra v e llin g  fa s te r 
th a n  the o ther. T h is leads to a ro ta tio n  in  the plane o f p o la risa tio n  
w hen the  lig h t emerges fro m  the o th e r side o f the  sam ple. T h is  
e ffect occurs fo r a ll w avelengths o f lig h t b u t is  a t a m axim um  near 
the  ab so rp tion  frequency o f the  chrom ophore from  w h ich  i t  arises.
There is  a phase change in  th is  effect a t the absorp tion  frequency.
The o th e r fa c to r w h ich  is d iffe re n t in  c h ira l com pounds in  
th e ir  in te ra c tio n  w ith  c irc u la rly  po la rised  lig h t is  th e  e x tin c tio n  
co e ffic ie n t. T h is  gives rise  to  the  effect o f c irc u la r d ich ro ism  
w h ich  is  o f in te re s t here. Th is CD absorp tion is  u s u a lly  a t the  same 
w avelength as the  U V -vis ib le  absorp tion  fo r th a t chrom ophore and 
occurs as a be ll shaped curve w ith  neglig ib le in te n s ity  rem ote fro m  
the peak. T h is  m akes CD a good m ethod fo r s tu d y in g  the  s tru c tu re  
o f com plex m olecules as o n ly  groups w ith  a b so rp tio ns  close to  
each o the r w ill in te rfe re . In  ORD the effect is  seen over the  w hole 
spectrum  lead ing to d iffic u ltie s  in  in te rp re ta tio n  fo r m a te ria ls  w ith  
m any ch ira l centres. S a linom ycin  and na ras in  b o th  have ne a rly  20 
c h ira l centres a ll o f w h ich  are e n a n tio m e rica lly  pu re , so a large I
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n u m b e r o f superim posed ORD spectra  w ou ld  be seen. There are 
tw o types o f m a te ria l w h ich  e x h ib it the  p ro p e rtie s  o f CD. The 
s tro n g e s t e ffect a rises w here the re  is  a c h ira l chrom ophore  eg 
hexahelicene, b u t i t  is  also observed fo r sym m etric  chrom ophores 
s itu a te d  ad jacen t to  one o r m ore c h ira l centres. I t  is  th e  la tte r 
class w h ich  are o f in te re s t in  the  fo llo w in g  w o rk . A n  in te re s tin g  
fe a tu re  o f the  CD o f th is  class o f m a te ria l is  th a t the  observed 
in te n s ity  is  n o t p ro p o rtio n a l to  the  absorp tion  o f lig h t. T h us the  
best chrom ophores fo r s tu d y  are those w ith  w eak UV absorp tions 
eg. ca rb o n y ls , th io n e s  and n itr ite s . T h is  m akes i t  u s e fu l fo r 
sa lino m ycin  and na ras in  as these bo th  con ta in  a ca rbony l betw een 
tw o c h ira l centres in  a flex ib le  p o rtio n  o f the m olecule. I t  is  in  fa c t 
th is  absorp tion  w h ich  has been used in  the stud ies ca rried  o u t . 4 0 . 4 i
The f irs t w o rk  pub lished  was a s tu d y  o f the  con fo rm a tion  o f 
sa lin o m yc in  as the free acid , an ion  and sod ium  and po tass ium  
com p lexe d  f o r m s . 4 0  T h is  s tu d y  used a range o f so lven ts  o f 
d if fe r in g  p o la r it ie s  fro m  50%  d io x a n e /w a te r  to  90%  
d io xa n e /w a te r. There was a dependence o f the  co n fo rm a tio n  on 
the  so lven t p o la rity  in  some cases. The free acid  had the  same 
com form ation in  a ll solvents b u t the an ion showed a large step a t Z 
= 80 -83  de m on stra tin g  th a t i t  occurred in  tw o m etastab le  sta tes. 
W hich o f these is favoured depends upon the p o la rity  o f the  so lvent 
be ing used. There is  a s im ila r sharp s h ift seen in  the  ra tio s  o f the  
d isso c ia tion  constan ts fo r sod ium  and potassium , show ing th a t the 
a b ility  o f th e  ionophore  to  d isc rim in a te  betw een ion s depends 
upon  en v iron m en ta l in fluences on con fo rm ation . V a lues fo r the 
d isso c ia tio n  constan ts were also pub lished . These were ob ta ined  
b y  p lo ttin g  1 /[M + ] vs I/A R q "^  w here A R q^ is  the  change in
54
ro ta tio n a l s tre n g th  on com plexation. The slope o f the  graphs gave 
the  va lue o f Kg and e x tra p o la tio n  to  in fin ite  ca tio n  co n ce n tra tio n  
gave Ro^ o f the  ca tio n -sa tu ra ted  ionophore. ARgT is  the  d iffe rence 
between the observed ro ta tio n a l s treng th  and th a t o f the  an ion  and 
as such is  a m easure o f the concentra tions o f b o th  the  an ion ic  and 
com plexed species. The Kg values obta ined show  a preference fo r
po tass ium  in  a ll so lvents w ith  the  se le c tiv ity  in c re as in g  as the  Z 
va lue  increases. T h is  s tu d y  also dem onstrated the  im po rtance  o f 
con fo rm a tion  in  the  com plexation process.
The p re v io u s ly  p u b lishe d  re po rts  on n a ra s in  had show n a 
d isagreem ent abou t the  io n  preferences exh ib ited . C aughey and 
co-w orkers th o u g h t th a t de te rm in ing  the Kg values fo r the  sod ium
and po tass ium  com plexes in  a range o f so lvents m ay shed some 
lig h t on th e  p r o b le m . 41 The Kg va lu es  w ere  d e te rm in e d
titr im e tr ic a lly  u s in g  CD as th e  to o l to  assess th e  degree o f 
com plexation. The ionophore in  the  presence o f a large base such  
as trib u ty la m in e  w ill e x is t as the  free an ion . I f  the  d iffe re n tia l 
a b so rp tio n , Ae, o f th is  is  found  i t  can be com pared to  th a t o f a 
p a rtia lly  com plexed m ix tu re . The to ta l ab so rp tion  seen w ill be a 
p o p u la tio n  w eighted average o f the  two form s:
AEx = X(j.Ae(j + X^.Aet, Eqn. 2-4.
W here and X ^ are the  m o la r fra c tio n s  o f b o u n d  and 
d issocia ted form s respective ly and Ae^ and Ae^ are the  d iffe re n tia l 
absorp tions due to  these form s.
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The fra c tio n a l sa tu ra tio n  v  is  given by the equation:
(Ae^-Aex)
V  = '  Eqn. 2 -5.(Aeb-Aejj)
W here a ll the  d iffe re n tia l absorp tions are re a d ily  m easured. 
The free ca tio n  co n ce n tra tio n  (L) is  ca lcu la ted  as th e  d iffe rence  
betw een the  the  am oun t added and the am oun t com plexed. Kg is
th e n  ca lcu la ted from  a p lo t o f v /L  vs v  ( a Scatchard Plot).
The re su lts  ob ta ined showed th a t in  a ll so lven ts po tass ium  
w as p re fe rre d  over sod ium . The so lven t p o la r ity  a ffected  th e  
d is s o c ia tio n  co n s ta n ts  and s e le c tiv ity  ra tio s , b o th  te n d in g  to  
increase w ith  increas ing  p o la rity . However, there  is  no suggestion 
th a t a se le c tiv ity  inve rs ion  w ou ld  occur a t extrem e p o la rity  as seen 
fo r sa linom ycin .
The basic tre n d  o f a ll these stud ies is  th a t b o th  sa lin o m yc in  
and n a ra s in  p re fe r po tass ium  to  sod ium  u n d e r m o st co n d itio n s . 
There are how ever exam ples o f the  opposite s e le c tiv ity  seen fo r 
b o th  so p o ss ib ly  no la rge  d iffe rences betw een th e m  sh o u ld  be 
expected. The m ore system s th a t are s tu d ie d  w ith  these  
ionophores the b e tte r the  unders tan d ing  o f the  processes invo lved  
in  the  tra n s p o rt shou ld  be. I t  w ou ld  be in te re s tin g  to  d iscover the  
cause o f these differences.
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2 .3  The Use o f NMR to S tudy Ion T ransport.
2 .3.1 K ine tics  o f the tra n s p o rt process.
The tra n s p o rt o f a lk a li m e ta l ions th ro u g h  lip id  b ila ye rs  
m ediated by  sa linom ycin  and n a ra s in  can be s tud ied  b y  n m r. In  
b io log ica l system s the tra n sp o rt is  across lip id  b ilaye rs^ so a m odel 
co n ta in in g  such a system  w ou ld  be preferable. To th is  end large 
u n ila m e lla r vesic les m ade fro m  egg y o lk  p h o s p h a tid y lc h o lin e  
suspended in  a d ilu te  aqueous s a lt s o lu tio n  w ere used. The 
vesicles were grow n by  d ia ly tic  detergent rem oval w ith  th e  same 
io n ic  s tre n g th  and ca tio n  concen tra tion  in te rn a lly  and e x te rn a lly . 
T h is  m eans th a t the re  is  no osm otic pressure o r io n  g ra d ie n t to  
com plica te  fu rth e r an a lready com plex ra te  equation . The m odel 
used fo r the  tra n s p o rt process is  th a t proposed b y  P ressm an i 
w h ich  is  show n in  F igure  2-8. The fo rm a tio n  and d isso c ia tio n  o f 
th e  com p lex  are b o th  m u ltis te p  processes b u t th a t th e ir  
rep resen ta tion  by an overa ll constan t is  va lid , has been show n b y  
p rev ious w o rk  u s in g  the  same m e t h o d . 4 2 , 4 3 , 4 4 , 4 5 , 4 6  These have 
been the  o n ly  a ttem p ts to  app ly  chem ical k in e tic s  in  a rig o ro u s  
w ay to  d e te rm ine  k f, k^j and Kg fo r the  m em brane tra n s p o rt
process.
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F ig u re  2 -8 . S chem atic  re p re se n ta tio n  o f th e  m o de l used to  
describe  ionophore  m ediated io n  tra n s p o rt th ro u g h  p h o sp h o lip id  
b ilaye rs . The ra te  constants are; kf fo rm a tio n  ra te  o f the  com plex, 
k (j d isso c ia tion  ra te  o f the  com plex and k ^ iff d iffu s io n  coe ffic ien t o f 
the  com plex th ro u g h th e  m em brane, ^
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This model gives rise to the  ra te  equation:
T m +Ii i
W here:
Vin.(kd + 2kdiff).(IM+] + kd /kf) ^
T m +Ii i = L ife tim e o f M+ inside a vesicle.
A Surface area.
V in = In te rn a l volum e.
[LIt = T o ta l concen tra tion  o f ionophore.
k f = Rate o f fo rm ation  o f the  com plex.
kd = Rate o f d issocia tion  o f the  com plex.
k d iff D iffu s io n  coe ffic ien t o f the  com plex.
[M+] = M eta l ion  concentra tion .
The te rm s k f and kd are the  overa ll ra tes fo r the  m u ltis te p  
fo rm a tio n  and d isso c ia tion  reactions. These occu r b y  seq uen tia l 
rep lacem en t o f the  so lva ting  w a te r m olecules by  the  io n o p h o ric  
oxygens. As each w a te r is  replaced the io n  can be p ic tu re d  as 
s in k in g  fu rth e r in to  the  m em brane progressive ly su rro u n d e d  by  
m ore o f the  ionophore m olecule.
T h is  equa tion  can be s im p lifie d  by the in tro d u c tio n  o f tw o 
term s. These are:-
E q n .2 -6
= (kd + 2kdiff)
W here K@ is  the  s ta b ility  con stan t o f the  ionophore : ca tion  
com plex. S u b s titu tin g  these in to  equation 2-5 gives the  s im p lifie d
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rve rs ion :
T lV I+ in
f irs t o rder in  ionophore concen tra tion  w ith  a ra te  constan t:
A.Vjn
^2 -  Vjn.(Km + [M+])
A.Vm.[Ll'r
[M+l) Eqn. 2-8 I
.1From  th is  equation  i t  can be seen th a t the  process w ill be |
4
I t  can also be seen th a t a p lo t o f l / k g  vs [M+] w ill have a 
g ra d ie n t o f V ^^ /A .V ^  and an in te rcep t o f V^^.K^/A.V^m  • Therefore, i
th e  ra tio  o f slope to  in te rc e p t is  the  s ta b ility  co n s ta n t o f the  
m em brane bound com plex. IThere are tw o lim itin g  con d ition s o f the  equa tion  depending ^
on w he the r the d iffu s io n  coe ffic ien t is  sm a ll o r large w ith  respect 
to  the  ra te  o f d issocia tion .
I f  kdiff ” kd then =
T h e re fo re  th e  s lope is  p ro p o rtio n a l to  l / k ^  and  th e  4
Iin te rce p t to  1 /k f.
I f  ^d iff » then  Vjj^ = k^jjff .
T he re fo re , th e  slope is  p ro p o rtio n a l to  l / k ^ j i f f  and the  
in te rce p t to  K j^ /k ^ jiff. I f  n e ith e r o f these con d ition s ho ld  the n  |
ca n n o t be s im p lifie d  so the  slope and in te rc e p t have a m ore 
com plex characte r. T h e ir ra tio , however, is  always Kg.
I t  can be seen from  the equations th a t m easurem ent o f the 
life tim e  o f an io n  ins ide  vesicles a t a va rie ty  o f kno w n  ionophore
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and a lk a li m e ta l io n  concentra tions shou ld  enable one to  ca lcu la te  
the  ra te  constan ts  associated w ith  the  tra n s p o rt process. S uch 
m easurem ents were the a im  o f th is  w ork.
T h e  e x p e rim e n ts  w e re  c a rr ie d  o u t b y  g ro w in g  
p h o s p h a tid y lc h o lin e  v e s ic le s  w ith  th e  sam e m e ta l io n  
c o n c e n tra tio n  in s id e  and o u t. The vesicles w ere p repa red  b y  
d ia ly tic  de tergent removal"^^ a t constan t tem pera tu re , in  th is  case 
40°C . The tem pera tu re  o f the grow th  m edium  had been fou nd  to 
be c ru c ia l in  de te rm in ing  the size o f the v e s i c l e s . T o  ensure the  
re p ro d u c ib ility  o f th e  re s u lts  and to  im prove  th e  c o rre la tio n  
betw een experim ents on d iffe re n t sets o f vesicles i t  w as im p o rta n t 
to  use an  id e n tic a l p rocedure  each tim e . S m a ll changes In  th e  
tim in g  o f the  so lu tio n  changes and pH  o f the g row th  m edium  cou ld  
have a large effect on the end p roduct. The A /V j^  te rm  in  the  ra te
eq ua tio n  m akes the  re su lts  d ire c tly  dependent on the  size o f the  
vesicles. I f  the  vesicles were found  to  be too sm a ll o r too large 
th e y  were u n su ita b le  fo r s tudy. The vesicles used were a ll in  the  
size range o f 10-15%  in te rn a l volum e.
2 .3 .2  C on trast reagents.
The tra n s p o rt s tud ies were ca rried  o u t u s in g  23]vja, and 
7L i n m r. I t  had been found  th a t the  chem ical s h ift and re la xa tio n  
tim es o f these ca tions in  aqueous so lu tio n  are la rg e ly  independen t 
o f th e  c o u n te r- io n .48 There fore , to  generate  th e  necessary 
c o n tra s t betw een the  in tra ve s icu la r and e x tra ve s icu la r ca tio ns  an 
e x te rna l agent m u s t be used. In  th is  case the m ethod o f choice is  
to  use a param agnetic s h ift reagent to  induce a chem ica l s h ift in  
the  exte rna l s igna l w ith  respect to  the  in te rn a l peak. There are a
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num be r o f requ is ites fo r such a m a te ria l i t  m ust be:
a) S table
b) Have a negative charge w ith  ra p id  exchange o f the  co­
o rd in a tin g  cations
c) P roduce a large s h ift when present in  sm a ll concen tra tions
d ) I t  m u s t n o t penetrate o r destroy the vesicles.
The m a te ria ls  used in  th is  w o rk  were b is -trip h o sp h a te  la n th a n id e  
com plexes. For lith iu m  and sod ium  the dysprosium  com plex was 
used w h ils t fo r po tass ium  the  lan thsin ide  o f choice was te rb iu m . 
The proposed s tru c tu re s  o f these com plexes are given in  F igure  
2 -9 . These com plexes fu lf il a ll o f the  above re qu ire m en ts , th e y  
have 7 negative charges w ith  ra p id  exchange o f the  co -o rd in a tin g  
ca tions and the y  do n o t ra p id ly  destroy the  vesicles. The large 
charge and size o f these com plexes precludes th e ir  p e n e tra tin g  
the ph osph o lip id  b ila ye r and en tering  the vesicles.
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F ig u re  2-9.  The p ro p o se d  s tru c tu re  o f a la n th a n id e  
b is trip h o sp h a te .
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2.3 .3  M easu rem ent techniques.
There are a num ber o f ways to  m easure the  ra te  o f exchange 
across the vesicle m em brane us ing  nm r. The three  m ethods used 
in  th is  w o rk  were isotope exchange, m a gne tisa tion  tra n s fe r and 
dynam ic lin e  broadening.
2.3 .3 .1  Isotope exchange
T h is  m e thod  u tilis e s  th e  d iffe re n ce  in  th e  resonance  
frequency o f d iffe re n t isotopes o f the  same elem ent. Fo r th is  to  be 
po ss ib le  the re  m u s t be tw o stab le  isotopes o f the  e lem en t in  
question  a t least one o f w h ich  m u s t be n m r active. T h is  is  a good 
m ethod fo r slow  tra n sp o rt ra tes as the exchange is  fo llow ed in  re a l 
tim e . There fore , fo r th is  m ethod to be e ffective  th e  tra n s p o rt 
m u s t be slow  w ith  respect to  the  a cq u is itio n  tim e  o f the  spectra . 
T h is  m ethod was used in  the  m easurem ent o f Li+ tra n s p o rt u s in g  
7L i n m r w ith  6L i as the  exchanging species. I t  is  possib le to  use a 
d iffe re n t e lem ent as the  co n tra s tin g  species, eg N a /L i exchange, 
b u t th is  can affect the  re s u lt by changing the ra te  lim itin g  step in  
the  re a c tio n  m echan ism . The ra te  is  ca lcu la ted  fro m  a p lo t o f 
log (It-Ioo) vs t: w here It is  the  peak in te n s ity  a fte r tim e  t. a t 
c o n s ta n t io n oph o re  c o n c e n tra tio n . The ra te  c o n s ta n t kg is 
ob ta ined from  a p lo t o f ra te  vs [L l^. The advantage o f th is  m ethod 
is  th a t s low  ra te s  can be m easured so re la tiv e ly  in e ffic ie n t 
ionophores can be s tud ied . The disadvantage is  th a t one se t o f 
vesicles can o n ly  give one p o in t on the ra te  vs [Ll-p p lo t so i t  is
expensive in  bo th  m a te ria ls  and spectrom eter tim e . T yp ica l ra tes 
stud ied  by  th is  m ethod fa ll in  the  range 10-4 to  lQ-5 s " i
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2 .3 .3 .2  D ynam ic lin e  b roadening
T h is  m ethod re lies on the coalescence o f ra p id ly  exchang ing 
s ites  in to  a s ing le  peak in  the  n m r spectrum . T h is  com m on ly 
observed phenom enon is  sch e m a tica lly  re p re sen te d  in  F ig u re  
2 - 10.
A p p ro a ch in g  th e  fa s t exchange lim it  th e  lin e  b ro a d e n in g  is  
p ro p o rtio n a l to  the  ra te  o f exchange betw een th e  tw o  s ite s .
S low  exchange In te rm e d ia te  exchange
In te rm e d ia te  exchange Fast exchange
F ig u re  2 -10  a S chem atic d iagram  show ing the  e ffect o f dynam ic 
lin e  broadening.
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The re fo re , i f  one is  w o rk in g  u n d e r the  co rre c t reg im e th e n  the  
m easurem ent o f lin e  w id th  a t d iffe re n t ionophore  co n ce n tra tio n s  
enables th e  g ra p h ica l c a lc u la tio n  o f the  ra te  co n s ta n t. T h is  
process requ ires a good separa tion o f the "in " and "ou t" s igna ls and 
can o n ly  be used fo r ra p id  exchange processes. I t  is  the  m ethod o f 
choice fo r 23]vja+ and 39k + w ith  the  po lye ther a n tib io tic s . I t  a lso 
has the  advantage o f be ing able to ca lcu la te  kg fro m  a sing le  set o f
vesic les b y  fo llo w in g  the  lin e  w id th s  as successive a liq u o ts  o f 
ion oph ore  are added. T yp ica l ra te  constan ts  m easured b y  th is  
m ethod are in  the  range o f 5-100 s"i.42
2 .3 .3 .3  M agne tisa tion  tra n s fe r
T h is  is  a m ethod w h ich  uses a th ree  pu lse  sequence and 
re lie s  up on  in v e rtin g  the  sp in s  a t one s ite , th e re b y  p la c in g  a 
m agne tic  la b e l the re . C hem ical exchange th e n  in te rcha nge s the  
tw o pools o f sp in  o f opposite labels (see F igure 2-11).
The ra te s  one is  able to  m easure b y  th is  process are 
dependent on th e  T^ o f the  nuc leus in  question . To w o rk  in  a 
sensib le  regim e th is  m eans th a t n u c le i w ith  large T ^ ’s are best. 
T h is  enables fa ir ly  slow  rates to be m easured before the  com peting 
re la xa tio n  processes preven t the  m easurem ents fro m  be ing taken . 
I f  the  re la xa tio n  is  too ra p id  the re  is  n o t enough tim e  fo r exchange 
to  take  place before the peaks have relaxed. T h is  re q u ire m e n t fo r 
a long  T i m akes ^L i an idea l nucleus to  s tud y  b y  th is  m ethod since 
T i  in  aqueous so lu tio n  is  o f the  order o f 0.5s to  20s depending on 
th e  co u n te r-io n s , s h ift reagents, etc. ®Li has an even lo n g e r
65
re la xa tio n  tim e, up  to m any m inu tes in  app ropria te c ircum stances, 
so cou ld , in  p rin c ip le , be used to  m easure slow e r ra tes. In  th is  
case one fa lls  fo u l o f the o the r lim ita tio n  o f th is  m ethod nam e ly i f  
T i  is  too large the  re q u ire d  re la xa tio n  tim e is  too long  fo r the
spectra  to  be accum ulated a t a reasonable ra te. The ra te  co n sta n t 
is  w orked  o u t b y  feeding the  in te n s itie s  a t d iffe re n t e vo lu tio n
Pulse Out
V V
l/2v.
n/2
n/2
Monitor
F igu re  2-11 The pu lse sequence used fo r m a gne tisa tion  tra n s fe r 
exp e rim e n ts .
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delays (t ) in to  a curve fittin g  program  w h ich  inco rpo ra tes b o th  the  
in tra v e s ic u la r and e x tra v e s ic u la r re la x a tio n  tim e s  in to  th e  
ca lcu la tion . Th is means th a t accura te T% values fo r b o th  sites m u s t
be ob ta ined  as m u s t the  90 '’ pu lse  w id th . There is  aga in  the 
p o s s ib ility  o f m u ltip le  m easurem en ts on the same sam ple so one 
se t o f ves ic les is  s u ffic ie n t to  c a lc u la te  k 2  a t one c a tio n
co n ce n tra tio n , a lth oug h  m ore tim e  is  requ ired  th a n  fo r dynam ic 
lin e  broaden ing. T yp ica l ra te constan ts ob ta ined by  th is  m e thod 
fo r the a lk a li m e ta ls 7L i and w ith  ion oph o ric  a n tib io tic s  are
in  the range o f 10“^ to  1
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2.4.____ R esults and D iscussion.
2 .4 .1  E xpe rim en ta l procedures.
2 .4 .1 .1  Sam ple p repara tion .
The m e thods d e ta ile d  above a ll give in fo rm a tio n  a b o u t 
ionophore m edia ted tra n sp o rt. I t  has been show n th a t n m r can be 
used to  s tu d y  th is  process in  phospho lip id  v e s i c l e s . ^ 2 - 4 6  The w o rk  
in  th is  thes is  is  a c o n tin u a tio n  o f th is  to  investiga te  the  e ffec t o f 
s tru c tu re  on th e  tra n s p o rt process. The p o lye th e r a n tib io tic s  
n a ra s in  and sa linom ycin  were chosen because the y are s tru c tu ra lly  
ve ry  s im ila r and are also tw o o f the m ost w ide ly  used and e ffic ie n t 
p o lye th e r a n tib io tic s  in  v e te rin a ry  m edic ine, see ch a p te r 1 fo r 
exam ples. The system  used in  these stud ies was large u n ila m e lla r 
egg y o lk -p h o s p h a tid y lc h o lin e  vesic les. These w ere g row n  b y  
d ia ly t ic  de terg en t rem ova l w ith  the  same c a tio n  c o n ce n tra tio n  
ins ide  and ou ts ide the vesicles.
I t  has been show n^^ th a t the tra n sp o rt ra te is  dependen t on 
the  average size o f the vesicles, w h ich  one w ou ld  expec t fro m  the  
c o n tr ib u tio n  o f the  surface area and volum e com ponen ts to  th e  
ra te  equa tion. D ire c t m easurem en t o f the vesicle size is  som ew ha t 
d iff ic u lt necess ita ting  the use o f e lec tron  m icroscopy. T h is  cou ld  
n o t be carried  o u t ro u tin e ly  b u t previous w o rk  us ing  th is  m éthodes 
had show n th a t the percen tage in te rn a l volum e o f the  vesicles is  a 
good in d ic a tio n  o f the size. T h is value is easily ob ta ined fro m  the  
in te g ra tio n  o f th e  tw o peaks in  the  n m r s p e c tru m . S uch  
m easurem en ts were ca rried  o u t ro u tin e ly  on each se t o f vesicles 
before the a d d itio n  o f any ionophore. I t  was assum ed th a t the  size
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o f the  vesicles was accura te ly  re flec ted by the in te rn a l vo lum e. I f  
the  vesicles are prepared in  the same volum e o f so lu tio n  and w ith  
the  same am oun t o f phospho lip id , as was the case here, th e n  th is  
sh o u ld  be a v a lid  assum p tion . A ny se t o f vesicles w ith  in te rn a l 
volum es fa llin g  ou ts ide the range o f 10-15%  were d iscarded. T h is  
m easurem en t is  n o t possib le a t the s ta rt o f an isotope exchange 
experim en t, here i t  is the ^  value w h ich  gives an in d ic a tio n  o f the
vesicle size.
A  ty p ic a l e xp e rim e n t s ta rte d  w ith  2cm ^ o f an aqueous 
suspens ion  co n ta in in g  p h o sp h a tid y lch o lin e  vesic les w h ic h  w ere 
p laced in  a 10m m  n m r tube . The vesicles were p repared  w ith  
m e ta l ch lo ride so lu tio n  inside and u su a lly  m e ta l ch lo ride  and m e ta l 
trip o ly p h o s p h a te  ou ts id e  (fo r th e  experim en ts  w ith  p o ta ss iu m  
pure  trip o lyph osph a te  so lu tio n  was used as the ex te rna l m edium ). 
The m e ta l io n  con cen tra tio n  was the same on b o th  sides o f the  
m em brane as was the io n ic  streng th , th is  la tte r be ing m a in ta in e d  
by  the a d d itio n  o f cho line ch lo ride . S u ffic ie n t dysp ros ium  ch lo ride  
(Na, Li) o r te rb iu m  n itra te  (K), was added to produce a ca 10 ppm  
s h ift fo r sod ium  and po tass ium  (on ly 2 -3ppm  was re q u ire d  fo r 
lith iu m ) w h ich  gave a c lear area o f baseline be tween the "in " and 
"ou t" peaks. I t  is  a t th is  p o in t th a t the procedure be ing  fo llow ed 
diverges dependen t on the m e thod o f m easurem en t be ing used.
2 .4 .1 .2  D vnam ic lin e  broadening.
In  a dynam ic lin e  b roaden ing  experim en t, w h ic h  w as the  
qu ickes t and m ost fre qu e n tly  used technique, the  in te rn a l vo lum e 
and w id th  a t h a lf he igh t o f the in te rn a l peak were m easured. Then 
a liqu o ts  o f the ionophore as a so lu tion  in  m e thanol were added and
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the lin e  w id th  m easured w ith  each ad d ition . The lin e  b roaden ing  
ob ta ined was then  used to  ca lcula te a value fo r the ra te  o f e fflu x . A  
ty p ic a l exam ple o f the  spec tra  obta ined from  such an experim en t 
is  g iven in  F igure  2 -12 . T h is  is  p lo t o f the  d a ta  o b ta ine d  fo r 
sa lino m ycin  m edia ted tra n sp o rt w ith  lOOmM po tassium  ch lo ride .
2 .4 .1 .3  M agne tisa tion  transfer.
The procedure fo r a m agne tisa tion  tra n s fe r expe rim en t is  a 
lit t le  m ore com plex as the T j fo r bo th  in te rn a l and ex te rna l signa ls
m u s t be m easured. T h is is  achieved us ing  the in ve rs ion  recovery 
techn ique  w h ich  requ ires an accura te know ledge o f the 90° pu lse 
w id th  w h ich  often needed m easuring anew. A n accura te 90° pu lse 
is  also requ ired  fo r use in  the m agne tisa tion  tra n s fe r experim en ts  
them se lves. Once th e  T^ and in te rn a l vo lu m es  have been
de term ined a liq u o ts  o f an ionophore so lu tio n , also in  m e thano l, 
were added. The pu lse sequence de ta iled above is  used and once 
a ll the  spec tra  have been collec ted the in te rn a l peak h e ig h ts  a t 
d iffe re n t tim e  delays were m easured. These va lues a long  w ith  
T i( in )  and T i(o u t) were fed in to  a curve fitt in g  program m e on the
co m p u te r w h ic h  m in im ise s  th e  d a ta  u s in g  a le a s t squares 
techn ique  to  produce a va lue o f k . F u rth e r a liq u o ts  o f ionophore 
so lu tio n  were the n  added and the experim en t repea ted fo r each. 
A n  exam ple o f the spec tra  obta ined is given in  F igure  2 -13 . T h is  
show s c le a rly  th e  change in  in te n s ity  o f the  "in " peak w ith  
d iffe re n t re laxa tio n  delays. These spec tra are those ob ta ined fo r a 
s a lin o m y c in /p h o s p h a tid y lc h o lin e  ra tio  o f 5 .7  x  10-3 in  vesicles 
w ith  75m M  lith iu m  ch lo ride .
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F igure  2-12. 3 %  spec tra  taken d u rin g  a dynam ic lin e  b roaden ing  
experim en t. These spec tra  were ob ta ined a t lOOmM [K+1.
S o l / P C  Ü
k (sec’ ^ Ü
la
27  3 37 6
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2.4 .1 .4  Isotope exchange.
The iso tope  exchange e xpe rim en ts  have p o s s ib ly  th e  
s im p les t procedure. The f irs t  step is to  prepare vesicles w ith  a 
d iffe re n t isotope in  the ex traves icu la r m edium  to  th a t ins ide the 
vesicles. T h is  was achieved by  grow ing the vesicles in  so lu tion  o f 
th e  ca tio n  a t n a tu ra l iso to p ic  abundance and ch a ng in g  the  
e x t ra v e s ic u la r  s o lu t io n  to  one e n r ic h e d  in  ®Li as a 
tr ip hosp h a te /ch lo rid e  m ix tu re  fo r a sho rt fin a l d ia lys is, u su a lly  fo r 
a b o u t 2 hou rs . A fte r the a d d itio n  o f an a liq u o t o f ionophore 
s o lu t io n  th e  exchange process is  fo llow ed  in  re a l t im e  b y  
m easuring  the  in te n s ity  o f the in  peak. T h is  decreases as the 
isotope being observed by the spec trom e ter is replaced by the n m r 
in v is ib le  isotope o r ig in a lly  ou ts ide the vesicles. The da ta  are 
analysed us ing  s tra ightforw ard k ine tic  me thods applicable to  a f irs t  
o rder process. A  spec trum  is ob ta ined before the  a d d it io n  o f 
ionophore to give the in it ia l in te rn a l concen tra tion. A t tim e  zero 
th e  ion op h o re  is added b u t  a sp e c tru m  c a n n o t be ta k e n  
im m ed ia te ly  as i t  takes tim e to acquire a spec trum  to a llow  the 
b u ild  up  o f a good signal to noise ra tio . The area o f the "in" peak is 
obtained by in tegra tion  and is usua lly  expressed as a percen tage o f 
the  area u n d e r b o th  peaks. Spec tra  are acqu ired  a t re g u la r 
in te rva ls  a fte r the a d d itio n  o f ionophore. U su a lly  m ore th a n  a 
s ing le free in d u c t io n  decay was required to be collec ted, exac tly  
how  m a n y  depended on the  l i th iu m  c o n c e n tra tio n  and the  
se n s itiv ity  o f the spec trom e ter in  use. The tim e  o f each ru n  is 
taken to be the m id p o in t o f the acquisition.
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F igure  2-13. ^L i spec tra  taken  d u rin g  a m agne tisa tion  tra n s fe r 
experim en t. These spec tra  were ob ta ined a t 75m M  [L1+] w ith  an 
SL/PC  ra tio  o f 5.7 x  10-3.
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F igure 2-14. 7Li spec tra  taken d u rin g  a typ ica l isotope exchange 
experim en t. These spec tra were ob tained a t lOOmM [Li+1 w ith  an 
NS/PC ra tio  o f 2.78 x  10-3.
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The lim it in g  fac to r fo r rates to  be m easured b y  th is  m e thod 
was the tim e taken to  accum ula te the fid ’s to give su ffic ie n t s ignal 
to  noise. The p rob lem  lies in  the large values o f T^ (in) fo r
(a round 13 secs) leading to  a re laxa tion  delay o f a m in u te  be ing 
required. The ra te o f e fflux  is obtained by g raph ica l means us ing  a 
p lo t o f ln(I^ - I^) vs t. The value o f was m easured a fte r several
ho u rs  o r more com m only a fter the equ ilib ra tion  was accelera ted by  
the  a d d itio n  o f an a liq u o t o f m onensin , an ionophore kn o w n  to 
m edia te lith iu m  exchange on a tim escale o f less th a n  a m in u te  in  
these system s. T yp ica l spec tra  obta ined in  th is  experim en t are 
g iven in  F igu re  2 -14 . These are the spec tra  ob ta ined  w ith  a 
na ra s in /P C  ra tio  o f 2.781 x  10-5 in  lOOmM lith iu m  ch lo ride  and 
c lea rly  show the loss o f in te ns ity  o f the in te rna l peak w ith  tim e.
2.4 .1 .5  T rea tm en t o f data.
The procedure fo r ca lcu la ting  the ra te and s ta b ility  constan ts 
(kf, k(j, and Kg) from  the raw  k in e tic  da ta  was the same in  each
case. T h is  was achieved graph ica lly . Two d iffe re n t g raphs were
requ ired, the f irs t a p lo t o f I /T m + iii vs 1/PC ie. the ionophore to
ph ospha tidy lcho line  ra tio . Th is term , 1/PC is used instead o f [LIT 
to  n o rm a lise  be tw een se ts o f da ta  ob ta ine d  u n d e r d iffe re n t  
exp e rim e n ta l cond ition s . The g rad ie n t o f th is  lin e  is  the f irs t  
o rder ra te cons tan t fo r efflux, k ’ . The second g raph  is  a p lo t o f 
1 /k ’ vs m e ta l ion  concen tra tion . Th is has a slope o f l / k ^ j  and a 
g rad ie n t o f 1 /k f, assum ing th a t the d iffu s ion  coe ffic ien t is  m u ch  
la rge r th a n  the d issocia tion  ra te constan t o f the m e ta l/io n o p h o re  
com plex.
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2.5 S o d iu m  and  P o ta s s iu m  T ra n s p o r t  M e d ia te d  b  v
Salinom ycin and Narasin.
2.5.1 Results.
The resu lts  fo r the ionophore media ted tra n s p o rt o f sod ium  
and po tass ium  are given in  Tables 2-1 to 2-4. These show  a 
n u m b e r o f in te re s tin g  fea tu res . The va lues  o b ta in e d  fo r  
sa lin o m yc in  and na ra s in  were som ewha t d iffe re n t as m ig h t be 
expected. I t  was seen th a t in  bo th  cases the po tass ium  tra n s p o rt 
was faster. T h is  is as expected from  the prev ious experim en ts  
carried o u t on these ionophores (see above). I t  is  o f in te re s t to 
no te here th a t w ith  sa lino m yc in  the po tass ium  com plex has a 
h ig he r s ta b ility  constan t th a n  th a t seen fo r sod ium . I t  is  seen, 
however, th a t the m ore stable com plex tra n sp o rts  m ore ra p id ly  
w h ich  is n o t the case fo r any o f the o ther ionophores p rev ious ly  
s tud ied using th is  m e thod.42-^6
Table 2-1. The ra te constants fo r sa linom ycin  m edia ted e fflu x  a t 
d iffe ren t sod ium  concen trations.
lNa+](M) k '(m ol PC.(mol SL) i.s - i)
0 .025 2.147+0.250
0.050 2.161±0 .038
0 .100 1.201+0.018
0.125 1.657+0.044
0 .150 1.237+0.035
0 .200 1.131+0.019
From  these results;
k ’f  = (2.611 ± 0.277). 104 s ' l ,  k '^  = (0.425 ± 0 .062 ).lO ^.M .s  l ,
Kg = 6.1 ± 1.8 M -l.
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Table 2-2. The ra te constan ts  fo r e fflu x  fo r n a ra s in  a t d iffe re n t 
sod ium  concen trations.
[Na+](M) k'(m ol PC.(mol NS)-l.s-^)
0 .050 0.432±0.093
0.100 0.269+0.010
0 .150 0.192±0 .005
0.20 0.203±0 .007
From  these results;
k 'f  = (5.859 ± 2.229).104 s“ l ,  k '^  = (0.535 ± 0 .121 ).104.M.S“ l,
Kg = 11.0 ± 8.56 M -l.
Table 2-3. The ra te constants for efflux  for sa linom ycin  a t d ifferen t
[K+](M) k'Cmol PC.(moI SLl ks-^)
0 .050 1.179+0.034
0 .100 1.068+0.050
0.150 0.860+0.080
0.175 0.524±0.032
0 .200 0.561+0.037
From  these results;
k ’f  = (28.32 ± 1.62).104 s ' l .  k ’^ = (1.39 ± 0 .30).104 .M .s-i,
Kg = 2 0 .4 ± 9 .5 M - i.
Table 2-4. The ra te constan ts  fo r e fflu x  fo r n a ra s in  a t d iffe re n t 
po tass ium  concen tra tions
[K+](M) k'(m ol PC.(mol SL)“ i.s " i)
0 .050 0 .880±0.093
0 .100 0.92610.055
0 .150 0.65810.097
0 .200 0.50510.027
From  these results;
k ’f  = (14.7 ± 3.8).104 s - l, k ’d = (1.67 ± 0 .34).104.M .S 'i,
Kg = 8.8 ± 2 .7  M -l.
In  a ll cases k 'f and k '^  are calcula ted assum ing th a t d iffu s ion  is n o t 
the ra te lim it in g  step.
76
Figure 2-15. G raph show ing the line a r re la tionsh ips  be tween k~ i 
and  [M+] from  w h ich  the va lues o f k ’f  and k'^j are ob ta ine d ,
assum ing th a t d iffus ion  is no t the ra te lim it in g  step.
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2.5 .2 D iscussion
The m ost basic fact w h ich  strikes one from  these da ta  is th a t 
the tra n s p o rt occurs v ia  a 1:1 m e ta l/ ionophore com plex. T h is  is 
dem onstrated by the lin e a rity  o f the transpo rt rates vs [L]-p fo r bo th
sa linom ycin  and narasin , thus  showing th a t tra n sp o rt is f irs t order 
w ith  respec t to  ionophore. The lin e a rity  o f the g raph o f 1 /k ’ vs 
[M +] is  in  agreem en t w ith  the process also be ing  f irs t  o rder in  
m e ta l ion, p rov id ing  s trong evidence fo r a 1:1 com plex (see F igure 
2-15).
There  are tw o  types  o f preferences sh o w n  b y  these 
m a te ria ls , one is  th e rm o d yn a m ic  pre ference, sho w n  b y  th e  
s ta b ility  constan t o f the complex. The o ther is k in e t ic  preference 
w h ich  is given b y  the values fo r the ra te constants o f the tra n sp o rt 
p rocess. I t  is  im p o rta n t to  d is t in g u is h  be tw een these tw o  
properties. In  the da ta  reviewed above the se le c tiv ity  sequences 
are the rm odynam ic  preferences and the tra n s p o rt sequences the 
k in e t ic  preferences. These are no t necessarily the same.
Previous stud ies to  de term ine the ion preference o f na ras in  
have p roduced  inconc lus ive  re su lts . The preference exh ib ite d  
depends u p o n  th e  system  be ing  s tu d ie d . In  e ry th ro c y te s  
po tass ium  is preferred over sodium^G b u t  the opposite preference 
is  seen in  ra t  liv e r m ito chondria . ^  5 The re su lts  presen ted here 
show  a k in e t ic  preference fo r po tassium . The k in e t ic  preference 
is n o t as grea t as th a t seen fo r po tassium  w ith  sa linom ycin , as the 
l in e s  are c lo se r to g e th e r. T h is  p o s s ib ly  e x p la in s  th e  
inconclusiveness o f the previous evidence. I t  is  also o f in te re s t to
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no te th a t in  ery throcytes^® the preference o f n a ra s in  fo r sod ium  
over p o ta s s iu m  was m u ch  g re a te r th a n  th a t  e x h ib ite d  b y  
salinom ycin .
The the rm odynam ic  se lec tiv ity  is also n o t as g rea t as fo r 
sa linom ycin  as the s ta b ility  constants o f the sodium  and po tass ium  
complexes are s im ila r. I t  is  seen in  fac t th a t the sod ium  com plex 
is s lig h tly  more stable th a n  th a t formed w ith  potassium .
Not o n ly  do these da ta  show  the  io n  pre ference o f the  
ionophores the y  also dem onstra te where the m a jo r d iffe rence in  
the tra n s p o rt occurs. E xam ina tion  o f the g raph shows th a t the 
lines  o f one ca tion  w ith  bo th  ionophores are ro u gh ly  pa ra lle l w ith  
d iffe ren t in tercep ts . There are a num ber o f possible exp lana tions 
fo r th is  phenom enon. One is th a t d iffu s io n  has become ra te 
de te rm in ing . In  th is  case the slope w ou ld  be p ro p o r t io n a l to 
1 /kd iff- The ionophores themselves are o f a very s im ila r size and
one w ou ld  expect the complexes w ith  the same ca tion  to be so as 
w ell. Th is  w o u ld  produce ro u g h ly  pa ra lle l lines, as is the  case 
here, b u t  w ou ld  n o t exp la in  w h y  the slopes given b y  the  sod ium  
da ta  and those seen fo r po tassium  are d iffe ren t. The sod ium  and 
po tass ium  complexes o f the same ionophore w ou ld  be expected to  
be o f s im ila r size w ith  the sodium  com plex i f  an y th ing  the sm aller, 
and ce r ta in ly  the ligh ter, o f the two. Th is w ou ld  n o t exp la in  w h y  
the sod ium  com plex fo r a given ionophore shou ld  have a g rad ien t 
ro u g h ly  three tim es th a t seen fo r the po tassium  ionophore. Thus 
i t  can be safely said fo r the sod ium  com plex a t least th a t d iffu s ion  
is n o t ra te de term in ing . The case fo r the po tass ium  complexes is 
less clear cu t. These show a tra n spo rt ra te h ighe r th a n  any o ther
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ionophore so fa r s tud ied by  th is  m e thod so the p o s s ib ility  o f ra te 
lim it in g  d iffus ion  cannot be discoun ted. As was m en tioned in  the 
in t r o d u c t io n  to  th is  c h a p te r w h e th e r o r n o t  d if fu s io n  o r 
d issocia tion are the dom inan t expressions in  the equa tion, or even 
i f  they are rough ly  equal, the ra tio  o f slope upon in te rcep t is  always 
the value for the s ta b ility  constant o f the complex.
Table 2-5. The d issocia tion, fo rm ation  and s ta b ility  constan ts  fo r 
several n a tu ra lly  occurring ionophores w ith  sod ium  and po tassium .
Sodium Po tassium
Ionophore k 'f
(104s-l)
k ’d
(104M s-1)
Ks
(M-1)
k ’f
( lO ^s - i)
k ’d
( lO ^M s -l)
Ks
(M 'l)
M 1 3 9 6 0 3 20.52 0.855 24.0 5.65 0 .804 7.03
M onens in 4 .878 0.150 32.6 2.30 0 .433 5.3
N ig e r ic in 7.838 0.352 22 9.61 0 .0997 96
S a linom ycin 2.611 0.425 6.1 28.32 1.39 20 .4
Narasin 5.859 0.535 11.0 14.7 1.67 8.8
The difference be tween the in te rcep ts fo r sa lin o m yc in  and 
na ras in  w ith  sod ium  m u s t therefore have a d iffe ren t s ign ificance. 
Th is  is th a t the fo rm a tion  rates o f the complexes m u s t be d iffe ren t 
and the d issocia tion  rates s im ila r. I t  can c learly  be seen from  the 
figures th a t k ’f  fo r sod ium  narasin  is rough ly  tw ice th a t fo r sod ium  
sa linom ycin  (5.86 x  10^ g  ^ vs 2.61 x  10^ S’ l) b u t  the values fo r k ’ j^ 
are com parab le  (0 .545  x  10"^ M s " i and 0 .425  x  10"^ Ms"  ^
respectively). W hy shou ld  the fo rm a tion  rate o f these complexes 
be d iffe re n t b u t  the d issoc ia tion  rates stay the same? The on ly  
s tru c tu ra l difference be tween the two ionophores is  an ad d ition a l 
m e thy l group a t C(4) in  narasin. Th is therefore m u s t p lay  a p a rt in  
the  observa tions. I f  m odels o f sa lino m yc in  and n a ra s in  are 
constructed i t  can be seen th a t the key difference is a re ductio n  in
80
81
the  con fo rm a tiona l freedom abou t the C(2) - C(3) bond (see F igure 
2-5) caused b y  the add ition  o f a m e thy l a t C(4). Is th is  the  reason 
beh ind  the observed difference?
The f irs t  approach o f a ca tion  m u s t be to the  carboxyla te
m o ie ty  o f the  po lye the r a n tib io t ic  as th is  is  the  p o rtio n  o f the
s tru c tu re  w h ich  p ro trudes from  the m em brane in to  the  aqueous 
solution.® ® I t  is  however believed^Q th a t the  carboxyla te  oxygen 
does no t p lay  any p a rt in  the b in d ing  o f the m e ta l ion  in  the  stable 
com plex. Instead i t  is  hydrogen bonded to  the hyd ro xy l group a t |
th e  o th e r te rm in u s . Is i t  possible th a t the  f i r s t  approach  o r |
subsequent rearrangem en t o f the ca tion  ins ide the  com plex leads 
to  th is  d ifference in  the  com plexa tion  process? In  n a ra s in  the  
ca rboxy l g roup has h ig h ly  re s tric ted  ro ta tio n  due to  the  s te ric  i
h inderance  o f the  y -m e thy l su b s titu e n t. I t  is possible  th a t the 
so d iu m  io n  is  he ld  in  the  co rrec t p o s itio n  fo r  fac ile  fu r th e r  
com plexa tion . I t  m u s t be remembered th a t the  fo rm a tio n  o f the 
com plex is a m u lt is te p  process, p robab ly  occu ring  b y  sequen tia l 
s u b s titu t io n  o f w a te r m olecules complexed to the  m e ta l io n .37 i f  
however the sod ium  was s te rica lly  fixed in  the correct p o s ition  the 
fo rm a tion  should  be more rap id  than  fo r a more m obile  ion  pa ir.
In  po tass ium  tra n sp o rt the opposite behaviour is seen. Here 
i t  is  the  case th a t the rate o f fo rm a tion  o f the sa linom ycin  com plex 
is m ore ra p id  th a n  is  seen fo r the na ras in  com plex, assum ing o f 
course th a t d iffu s ion  is no t the ra te lim it in g  step. B o th  ra tes are 
however faster th a n  those seen fo r sodium . Th is cou ld  be due to 
the  la rge r size o f the  po tass ium  ion  w h ich  w ou ld  requ ire  grea te r 
f le x ib ility  to  accom m oda te it .  In  th is  case the  p rob lem  w o u ld
I■ '-i
p ro b a b ly  be due to  the  re la tive  d if f ic u lty  o f the  sub sequ en t 
com plex ing  sites be ing able to approach the ca tio n  s u ff ic ie n tly  
closely to  be able to  dislodge the solvent.
T hus sm all changes in  the s tru c tu re  can cause noticeab le  
changes in  the com plexa tion rates. Th is makes the causes o f such 
effects very d iff ic u lt to iden tify . Overall the fo rm a tio n  ra tes o f the  
po tass ium  complexes are greater th a n  the fo rm a tio n  ra tes o f the 
sod ium  complexes fo r bo th  ionophores.
The the rm odynam ics o f the process can be q u a n t if ie d  by  
c a lc u la t in g  the  G ibbs free energy (AG) o f th e  co m p le xa tio n  
reactions. For th is  one uses the equation
AG =-RTlnKe Eqn. 2-10
Where Kg is the e q u ilib riu m  constant
In  th is  case the e q u ilib riu m  constant is given b y  the s ta b ility  
constan t o f the com plex (Kg) divided by an a rb itra ry  s tandard  state
w h ich  cancels the dim ensions. Th is  a rb itra ry  state need n o t be 
de fined  as here we are concerned so le ly  w ith  th e  d iffe rences 
be tween the free energies o f the complexes. Th is  means th a t the 
standard  state its e lf is cancelled.
The values ob ta ined from  th is  trea tm en t are given in  Table 
2 -6  and show  o n ly  sm a ll d iffe rences in  the  free energy o f 
fo rm a tion . In  the case o f sod ium  there is a 1.5 k J  m o l" i energy 
d ifference in  the  favour o f na ras in . Th is  is m u ch  less th a n  the 
energy o f ro ta tion  o f a single bond and possibly ind ica tes a greater 
degree o f tw is t  a b o u t th e  C(2)-C(3) bo nd  is  re q u ire d  in
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sa linom ycin . In  the po tassium  case the free energy difference is  
2 k J m o l- i in  favour o f the sa linom ycin complex. Th is shows th a t a 
s m a lle r con fo rm a tio n a l change is re qu ired  fo r  the  p o ta ss iu m  
sa linom ycin  com plex to be form ed th a n  fo r the n a ra s in  com plex. 
T h is  m ay im p ly  th a t the con fo rm a tion  o f the carboxyla te  io n  o f 
sa linom ycin  is closer to th a t found in  the po tass ium  com plex th a n  
is  the  case fo r na ras in . The carboxyla te an ion  o f n a ras in  is  in  a 
con fo rm a tion  more like  th a t o f the sod ium  com plex th a n  is the  
case in  salinom ycin.
T ab le  2 -6 . Free energy o f fo rm a t io n  o f th e  com plexes o f 
s a lin o m yc in  and n a ra s in . These are re la tive  to an a rb it ra ry  
standard state.
Salt AG kJm o I-i
Sodium  salinom ycin 4.48
Sodium  narasin 5.94
Potassium salinom ycin 7.47
Potassium narasin 5.39
I t  is also possible to compare in  th is  w ay the complexes o f 
n a ras in  and sa linom ycin  w ith  d iffe ren t cations. In  th is  case the  
free energy difference be tween sodium  sa linom ycin  and po tass ium  
sa linom ycin  is 3 kJm o l“ i in  favour o f the po tassium  complex. T h is 
im p lie s  th a t the  p o ta ss iu m  sa lt requ ires less c o n fo rm a t io n a l 
ad jus tm e n t on fo rm a tion  tha n  the sodium  com plex as i t  is nearer 
to  the lowest energy conform a tion. In  naras in  the sod ium  com plex 
has a lower energy o f fo rm a tion  than  the potassium  sa lt b u t  on ly  b y  
0 .5  k J m o l ' l .  T h is  re flec ts  l i t t le  ove ra ll d iffe ren ce  in  the  
con fo rm a tion  be tween these two complexes.
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The free energy values ob ta ined are o f course overa ll va lues 
ie. th e y  in c lud e  a ll the  energy changes in  the m olecule. T h is  
m eans th a t they  re flec t changes o f energy in  the com plex as a 
whole. I t  is possible th a t conforma tioned changes a t one site are 
offset by  fu r th e r a lte ra tions elsewhere in  the m olecule. Thus i t  is  
possible th a t an increase in  free energy a t one place is p a rtia lly  
n u llif ie d  by  a concurren t decrease a t another site in  the m olecule. 
These a lte ra tions  o f free energy due to to rs io na l changes a t one 
bond are no t read ily  elucidated by chemical means.
The ideal w ay to ca lcu la te  the d iffu s ion  coe ffic ien t o f these 
m a te ria ls  th rou g h  a phospho lip id  b ilayer w ou ld  be to compare the 
values ob ta ined fo r a range o f ionophores. I f  a la rge r nu m be r o f 
ionophores o f s im ila r size were s tud ied w ith  d iffe ren t cations and 
observed to have s im ila r grad ien ts  th is  w ou ld  be good evidence 
th a t d iffu s io n  was the co n tro llin g  step. T h is  w ou ld  m ake the  
m easurem en t o f k^^ff as easy as find in g  the g rad ien t o f a s tra ig h t
line. U n fo rtun a te ly  the d iffus ion  lim it  has no t been approached b y  
s u ff ic ie n t ionophores to  m ake th is  a feasible m e thod , so an 
a lte rnative way o f checking th a t d iffus ion  is no t rate lim it in g  has to  
be found.
In  th is  case w hether or n o t d iffus ion  is ra te l im it in g  can be 
found  by  feeding the data ob ta ined from  the graphs back in to  the 
overall equation. I f  the potassium  tra nsp o rt is d iffu s io n  con tro lled  
th e n  there m u s t be an appreciable d iffu s ion  c o n tr ib u t io n  to  the 
ra te o f sod ium  transport.
8 4
The overall transpo rt is given by the equation 
E  = ^  + E q n 2 - l l .
w he re
kd.kdiff
and
kdK m  = ^  Eqn 2-6.
So i f  kd  > kd iff then  = kd iff
In  th is  case the grad ien t o f a p lo t o f 1 /k  vs [M+] w ill have a 
g rad ie n t o f 1/kd iff. A ssum ing th a t th is  is the case fo r po tass ium
tra n s p o rt and th a t the d iffu s io n  constants are the  same fo r the 
sod ium  and po tassium  complexes gives a value o f 1.5 x  lO '^s 'i fo r 
kd iff w h ich  can be substitu ted  in to  equation 2-9 such tha t:
S lope = Eqn 2-12.kd kdiff
and
in te rc e p t = k f.kd .ka^ f ^ - IS .
The f irs t o f these enables a value to be ob tained fo r kd.
" (slope-(l/kdiff)) 2-14
w h ich  can then  be su b s titu te d  in to  the second equation  to 
calculate a value for kf.
k f  = i n t r l e p t ' t f f  ^ -1 5
I f  th is  is a va lid  procedure then  the ra tio  o f k f / k d  sho u ld
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m a tch  the  va lue  o f Kg ob ta ined  g raph ica lly . In  th is  case the 
calcu la ted values are given below in  Table 2-8.
Table 2-8. The calcula ted and actua l values o f Kg fo r Na+.
k f
( lO ^s - i)
kd° KsC
(M-1)
Ks®
(M-1)
S a linom ycin 5.74 1.19 4.8 6.1
N arasin 13.32 1.66 8.02 11.0
The values o f Kg are ro ug h ly  two th ird s  o f those expected. 
T h u s  im p ly in g  th a t one o f the  assum p tions was in v a lid . I t  is  
p ro b a b ly  in c o rre c t to  assum e th a t the  p o ta ss iu m  t ra n p o r t is  
com ple te ly governed b y  d iffus ion , b u t  the values are close enough 
to m ake a d iffus ion  con tribu tio n  to the gradient a poss ib ility .
The th e rm o d y n a m ic  s ta b il ity  o f th e  m e ta l/ io n o p h o re  
com plex does n o t have a great effect on tra n sp o rt in  a system  like  
ou rs. The tra n s p o rt ra tes here are de term ined b y  th e  k in e tic  
param e te rs kf, k ^  and k^iff. The s ta b ility  constan t o f the com plex 
is derived from  the  ra tio  o f k f  and k^  b u t  i t  is  on ly  o f s ign ificance 
in  tra n s p o rt i f  the  com plex is so stable th a t the  ca tio n  is  never 
released o r so unstab le  th a t the com plex is never form ed. In  a 
com pe tition  experim en t, however, the s ta b ility  o f the  com plex can 
be o f key im portance. I f  a lo t o f the ionophore is  sequestered in  
the  m em brane as a stable com plex o f one o f the com pe ting ions i t  
canno t also be tra n sp o rtin g  an io n  o f the o ther type. T h is  m eans 
th a t the  concen tra tion  o f ionophore involved in  tra n s p o rtin g  the  
m ore  s ta b le  com p lex  w i l l  be h ig h  and th e  m ore  ra p id ly  
tra nsp o rte d  io n  w il l  o n ly  have a low  concen tra tion  o f ionophore  
w ith  w h ich  to complex.
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2.5 .3 The effect o f s tru c tu ra l changes on the  tra n s p o rt a b ilitie s  
o f salinom ycin.
M iyazaki e t a l had published a s tudy o f the effect o f s tru c tu ra l 
m o d ific a t io n  on the  tra n s p o rt and a n tim ic ro b ia l p ro p e r tie s  o f 
s a l i n o m y c i n . T h is  was an a ttem p t to see how  changes affected 
the tra n sp o rt as seen in  ou r system. Some tra n sp o rt s tud ies were 
made on d ihyd ro sa linom yc in  and i t  was also a ttem p ted  to  m ake 
C(20) ke to  sa linom ycin .
These com pounds were prepared from  the  sod iu m  s a lt o f 
s a lin o m y c in  u s in g  th e  m e th o d s  o f A s u k a b e  e t a l.^  9 
D ih y d ro s a lin o m y c in  (DSL) was p repared by  h yd ro g e n a t io n  o f 
sa linom ycin  over a pa llad ium -carbon  ca ta lyst. The p repa ra tion  o f 
20 -ke to sa lin o m yc in  was a ttem p ted  u n success fu lly  b y  o x id a t io n  
w ith  p y r id in iu m  ch lo roch rom a te . The sam ples were id e n tifie d  
us ing  HPTLC and nm r. There was also on ly one spot in  the TLC 
o f the  sam ple o f d ihyd rosa linom yc in . Th is and th e  loss o f the  
d is tin c tive  v in y lic  p ro tons in  sa linom ycin  showed th a t re duc tio n  o f 
the double bond had been successful.
A  nu m b e r o f s tud ies  in  ph osph a tidy lch o line  vesicles were 
attem p ted, us ing  bo th  23]vja and 39k  nm r. These used the dynam ic 
lin e  b roaden ing  experim en t above. O n ly  one o f these stud ies, a t 
200 m M  sod ium  concen tra tion , was successfu l. The o the rs  a ll 
showed in it ia l broad lines. Th is  m ean t th a t there  was e ith e r no 
fu r th e r  lin e  b ro a d e n in g  seen, o r the  lin e s  m erged be fore  a 
s u ffic ie n t nu m ber o f experim en ts could be carried  ou t. The da ta  
ob ta ined was a value fo r the rate o f e fflux a t 200m M  sod ium . T h is
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is given in  Table 2-9 where i t  is  com pared w ith  th a t seen fo r 
sa linom ycin  under the same conditions.
Table 2-9. C om parison be twen the tra n sp o rt rates o f sa linom ycin
D ihydrosa linom ycin S a linom ycin
Rate o f e fflux  (s“ )^ 6.145 ± 0.200 11.310 ± 0 .198
From  these da ta  i t  can be seen th a t d ih yd ro sa lin o m yc in  
transpo rts  sod ium  ions a t abou t h a lf the rate o f sa linom ycin. Th is 
agrees w ith  the  p rev ious ly  pub lished  work^Q th a t red uc in g  the 
v in y lic  fun c tion  decreases the a c tiv ity  o f salinom ycin.
2.6 L ith iu m  tra nspo rt w ith  sa linom vcin and narasin .
U s ing  m a gne tisa tion  tra n s fe r and ^ L i / ^ L i  exchange i t  is  
possible to s tu d y  the rate o f ionophore m edia ted lith iu m  tra n sp o rt 
th ro u g h  phospho lip id  bilayers. Th is is a p re lim in a iy  s tu d y  o f the 
ra tes o f tra n sp o rt o f Li+ m edia ted by  sa linom ycin  and na ra s in  in  
phospha tidy lcho line  vesicles.
2.6.1 A  com parison be tween m agne tisation tra ns fe r and isotope 
exchange.
The a im  o f th is  w o rk  was to measure the tra n sp o rt ra tes and 
ca lcu la te  s ta b ility , fo rm a tio n  and d issoc ia tion  com plexes o f the  
lith iu m  complexes w ith  sa linom ycin and na ras in  as had been done 
fo r the  so d iu m  and  p o ta ss iu m  c o m p l e x e s . 38 We were also 
in te re s te d  in  th e  co m pa riso n  o f the  ra tes  o b ta in e d  u s in g  
m a gne tisa tion  and isotope exchange experim en ts. W ou ld  these
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procedures, the  fo rm e r an exchange o f n u c le i w ith  d iffe re n t 
m agne tisa tions and the la tte r an exchange o f nuc le i w ith  d iffe ren t 
masses produce the same results?
The com pariso n  o f m a gn e tisa tion  tra n s fe r  w ith  iso tope 
exchange was carried  o u t a t lOOmM [Li+] w ith  n a ra s in  as the 
ionophore . The vesicles were grown us ing  the same m e thod as 
given above and the experimen ts were carried ou t a t 25°C as usua l. 
The resu lts  are given in  Table 2-10.
Table 2-10. C om paring the values ob ta ined fo r n a ra s in  m edia ted
lith iu m  tra n sp o rt jy  d iffe ren t me thods.
E x p e rim e n t M agnetisation transfe r Isotope exchange
Rate co n s ta n t/s " i 77.1 ± 0 .9 9 19.96 ± 0.69
There is a qua lita tive  agreemen t between the ra te  constan ts 
ob ta ined b u t  the values are seen to d iffe r by  a fac to r o f fou r, the  
iso tope exchange p ro d u c in g  the  m ore ra p id  ra te . There  are 
im p o r ta n t d ifferences in  the  experim en ta l procedure  w h ich  m ay 
accoun t fo r th is  deviation. One is th a t a d iffe ren t set o f vesicles are 
used fo r each m easurem en t w hen us ing isotope exchange as the 
m e thod o f s tudy. In  m easurem en ts by m agne tisation tra ns fe r on ly  
one set o f vesicles are used. Th is  means th a t there  is  an ex tra  
po ss ib ility  o f e rror in  the form er me thod. I f  the vesicles are n o t a ll 
the  same size, w h ich  was the case here, or have d iffe re n t size 
d is tr ib u t io n s  then  the rates w ill be d iffe ren t. T h is  reduces the 
co rre la tio n  be tween experim en ts ru n  on d iffe ren t sets o f vesicles 
and exp la ins  the  m u ch  la rg e r percen tage e rro r seen fo r  the  
isotope exchange experim en ts . The o ther p rob lem  lies in  the 
difference in  ionophore concentra tion  used. There was a 200 fo ld
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difference in  the ionophore /PC  ra tio  used in  the tw o experim en ts, 
w ith  the  isotope exchange the more d ilu te . Th is  w ou ld  m agn ify  
any erro rs in  the p repa ra tion  o f the ionophore so lu tio n  and its  
a d d itio n  to  the experim en ta l m edium . The da ta  fo r  the  isotope 
exchange takes in to  account the passive tra nspo rt o f lith iu m  across 
the  vesic le  m em branes. T h is  was m easured b y  ru n n in g  an 
experim en t w ith  no ionophore added and was seen to  have a ra te 
o f 2 .25x10‘ 3s"h
2.6.2 A  com pa riso n  o f s a lin o m vc in  and n a ra s in  to  o th e r 
n a tu ra llv  occuring polvether antibio tics.
M agne tisa tion  tra n s fe r experim en ts were ca rried  o u t a t a 
range o f ca tion  concentra tions to  t ry  to de term ine the  s ta b ility , 
d issoc ia tion  and fo rm a tio n  constan ts o f the ionophore  /  l i th iu m  
complexes. Th is was attem p ted fo r bo th  sa linom ycin  and na ra s in  
b u t  u n fo rtu n a te ly  the data were in su ffic ien tly  reproducib le  to  a llow  
values fo r these constants to be ob tained. The data was su ffic ie n tly  
good, however, to  give some idea o f the rate and compare i t  to the  
kno w n  va lues fo r M 139603 (see F igure 2 - 1 6 ),^6 m o n e n s i n , ' ^ ^  
n ig e r ic in ^ i  and some syn th e tic  ionophores w h ic h  had been 
stud ied  by o the r members o f the g r o u p . 3 2 . 5 3  The tra n s p o rt rates 
are given in  Table 2-11. From  these data i t  is possible to see th a t 
sa linom ycin  and na ras in  bo th  give rates in  the same region (20-80 
s - i)  w ith  sa linom ycin  possibly the faster. Th is w ou ld  be borne o u t 
b y  the  d iff ic u lty  we, and Caughey et a l,34 fo u nd  in  p repa ring  a 
stable sam ple o f lith iu m  naras in  fo r s tudy  by 2D nm r, see chapter 
3. The tra n spo rt data is in su ffic ien tly  good to be sure.
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Figure 2-16. The s tru c tu re  o f M 139603.
I t  is  obvious however th a t the tra n sp o rt rates fo r l ith iu m  are 
a lo t  slower th a n  those seen fo r sodium  and po tassium . There is a 
d iffe rence o f ro u g h ly  th ree orders o f m agnitude  in  the  observed 
rates. Th is  is as w ou ld  be expected from  the previous s tud ies on 
sa linom yc in  and na ras in  w h ich  have a ll observed a m u ch  low er 
l ith iu m  preference fo r these m a te ria ls . Th is  is  the f ir s t  s tu d y  in  
ph osp h o lip id  m em branes to  dem onstra te  l i th iu m  tra n s p o rt w ith  
e ithe r o f these two ionophores.
Tab le  2 -11 . The ra te  co n s ta n t fo r e ff lu x  a t lOOm M  ca t io n  
concen tra tion .
LiSL LiNS NaSL NaNS KSL KNS
k ’(s - i) 31.7 19.96 12010 291 00 10 6800 9 2 6 3 0
I t  is  in te re s tin g  to  com pare these re s u lts  w ith  those  
ob ta ined  w ith  a nu m b e r o f d iffe ren t ionophores w ith  the same 
system . The f irs t  type o f ionophore to consider is  the  n a tu ra lly  
occu rrin g  po lye ther an tib io tics , three o f w h ich  have been s tud ied  
us in g  ou r system  nam ely M l39603, m onensin  and n ig e ric in . O f
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these M l 39603 and m onens in  are sod ium  selective ionophores 
and the other is po tassium  selective. The observed tra n sp o rt rates 
fo r l i th iu m  show, as m ig h t be expected th a t the  fo rm er p a ir are 
m ore e ffic ie n t l i th iu m  ionophores th a n  any o f the  la tte r  group. 
The rates o f exchange, a t lOOmM lith iu m  are given in  Table 2-12.
Table 2-12. Typ ica l values o f rate constants fo r l ith iu m  tra n s p o rt 
m e d ia te d  b y  n a tu ra l ly  o c c u r in g  p o ly e th e r a n t ib io t ic s  a t 
lOOmM [Li+1.
Ionophore M 1 3 9 6 0 3 M onens in N ig e ric in S a linom ycin Narasin
k  (s-i) 24 02 339
25 .3 *
31 .7 19.96
7 7 .1 *
The va lu e s  de no ted  * are fro m  is o to p e  exchange  
experim en ts , a ll o thers are derived from  m agne tisa tion  tra n s fe r 
experim en ts .
The tra n sp o rt rates o f a ll these ionophores are m uch  low er 
fo r lith iu m  th a n  fo r sod ium  and po tassium . The size o f the cavity  
in  the low est energy fo rm  o f the  ionophore is  obv ious ly  o f key 
im po rtance , the  less a d ju s tm e n t requ ired  fo r com p le xa tion  to 
occur, the m ore e ffic ien t the  tra n s p o rt process w il l  be. So the  
ionophores w ith  a la rger cavity, eg n ig e ric in  or sa linom ycin , w il l 
select large ca tions like  po tass ium  or ru b id iu m , whereas those 
w ith  a sm a lle r cavity, eg. m onens in  or M l 39603, w il l  be be tte r 
able to com plex w ith  a sm aller ca tion like  sod ium  or lith iu m .
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2.6 .3  A  com parison o f sa linom vcin  and n a ra s in  to  syn th e tic  
lith iu m  ionophores.
The syn th e tic  ionophores s tud ied  were th ree  ve ry  s im ila r  
m a teria ls . F igure 2-17.
Ionophore 1
N,
Ionophore 2 Ionophore 3
F igure 2-17. The stru c tu re s  o f three synthetic  lith iu m  ionophores.
The re su lts  o f th is  w o rk  show  th a t these are m u ch  less 
e ffic ie n t ionophores th a n  the  n a tu ra lly  o ccu ring  ones. E xac t 
q u a n tif ic a tio n  o f the differences is d iff ic u lt as these m a te ria ls  do 
n o t tra n s p o r t w ith  f ir s t  o rde r dependence on th e  io noph o re  
concentra tion . The resu lts  measured a t lOOmM lith iu m  are given 
in  Table 2-13.
Table 2-13. C om parison o f the rate o f e fflux  ob ta ined fo r n a ra s in  
and three lith iu m  ionophores a t lOOmM [Li+1.
Ion opho re Narasin Ionophore Ionophore Iono p ho re
1 2 3
I/P C  ( io 4 0 .278 6.47 66.4 55.1
Rate ( lO 'ts 'l) 21.1 14.9 5.17 1.31
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Here na ra s in  is f ir s t  order, ionophores 1^^ and 2 second 
order and ionophore 3, 0.54 order w ith  respect to  the  ionophore 
con cen tra tio n .53 Narasin can be seen to give a h igher rate th a n  its  
nearest riva l, ionophore 1, even though  present a t o n ly  4% o f the  
concen tra tion  o f the la tte r ionophore. Even w ith o u t ta k in g  the 
second order dépendance o f the exchange m edia ted by  the  la tte r 
in to  account th is  is nearly  a 200 fold increase in  the  ra te. There is 
a n o th e r o rde r o f m agn itu de  be tween th is  and the  o th e r tw o 
ionophores.
So in  conclus ion na ras in  and sa linom ycin  are, fo r n a tu ra lly  
o c c u r in g  p o ly e th e r a n tib io t ic s , re la tiv e ly  in e ff ic ie n t l i th iu m  
ionophores. Even so they s t i l l  give tra n sp o rt ra tes several orders 
o f m a gn itude  grea te r th a n  those fo r the  s y n th e tic  ionophores 
w h ich  were examined.
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2.7 E xperim en ta l.
The p h o sp h o lip id  vesicles were grow n u s in g  th e  genera l 
m e thod below  fo r a ll experim en ts w ith  d iffe ren t concen tra tions o f 
s a lt so lu tio n s . The spectra  were m easured on B ru k e r  W P80 
spectrom e ters a t S tir lin g  and S t Andrews (Na) and on the B ru k e r 
A M  300 spectrom e ter a t S t Andrew s (Na, K, and Li). The WP80 
requ ired  o n ly  1.5 cm ^ o f vesicle suspension w ith  2 cm ^ used fo r 
th e  A M  300, the  p h o s p h o lip id  was a lw ays a t a b o u t 15m M  
co n ce n tra tio n . The egg y o lk  p h o s p h a tid y lc h o lin e  (EPC) was 
p u rc h a s e d  fro m  L ip id  P ro d u c ts  as a s o lu t io n  in  
c h lo ro fo rm / m e th a n o l. The sa linom ycin  was k in d ly  donated by  
Hoechst AG as the sod ium  sa lt and the na ras in  b y  E li L illy  Inc. as 
the  free acid. B o th  were used w ith o u t fu r th e r p u rific a tio n . The 
n -oc ty lg lu copyranos ide  was purchased fro m  S igm a and A ld r ic h  
A n a la r grade m a te ria ls  were used fo r a ll other. A ll d ia lyses were 
ca rried  o u t u n de r n itrogen. D is tilled  w ater was used th rou g ho u t. 
Ionophore 1 was prepared b y  M iss F. M cM illan , ionophores 2& 3 
were prepared by  M iss H. Forbes.
The p repa ra tion  o f phosphatidy lcho line  vesicles.
EPC so lu tio n  344 g l (258 pi) was m easured in to  a weighed 
c lean ro u n d  bo ttom ed fla s k  and the so lvent evaporated u n d e r 
vacuum  (< 0.1 m bar) fo r a t least 3 hours. n-O ctylg lucopyranoside 
160 m g (130 mg) was dissolved in  2 cm^ (1.5 cm^) o f a standard  
so lu tio n  o f M CI at the  required concentra tion. T h is  so lu tio n  was 
then  added q u an tita tive ly  to the weighed EPC and s tirre d  ca re fu lly
95
to  avoid foam ing in  a stoppered fla sk  fo r abou t one h o u r a t room  
tem pera tu re  u n t i l  the lip id  had com ple te ly dissolved. 2 .0 -2 .5  dm ^ 
o f the  s tandard  MCI so lu tion  were preheated to 40°C and flushed 
w ith  n itro g e n  fo r  -1 2 h . be fo re  b e in g  t ra n s fe r re d  to  a 1
th e rm o s ta tica lly  con tro lled  d ia lys is vessel a t 40°C u n d e r n itrogen. t
The lip id  so lu tio n  was trans fe rred  q u a n tita tive ly  in to  a piece o f 
presoaked d ia lys is  tu b in g  w h ich  was sealed and p laced in  the  
d ia lys is vessel. The d ia lysis so lu tion  was changed eve iy 12 hours.
E ach  tim e the  new  s o lu tio n  was preheated and  flu sh e d  w ith  I
n itro g e n  fo r 12 hours . A fte r 36 hou rs  o f d ia lys is  the  ex te rna l 
so lu tio n  was changed to one con ta in ing  triphospha te . The exact 4
m e thod  va ried  depending on the  ca tion  u n d e r s tu d y  b u t  the  
s o lu tio n  was a lw ays o f the  same ca tion  co n ce n tra tio n  as the  
ch lo rid e  so lu tio n . The io n ic  s tre n g th  was m a in ta in e d  b y  the  
a d d itio n  o f cho line  ch lo ride . The fo llow ing  nu m bers  are a ll fo r 
lOOmM so lu tion s  in  the  ca tion  fo r o the r concen tra tio ns  s im p ly  
m u lt ip ly  by  the correct factor.
For sod ium  the  m ix tu re  w ou ld  consis t o f 50 m M  NaCl, 10 
m M  NagPgOiQ and 20 m M  choline chloride. The vesicles w ou ld  be
d ia lysed aga inst 2 .0 -2 .5  dm3 o f th is  tw ice fo r 12 ho u rs  a t 40°C 
un de r n itrogen.
For po tassium  the m ix tu re  w ou ld  be 20 m M  K 5 P3 O 10  and 40 
m M  cho line chloride. The vesicles were dia lysed aga inst 300 cm^ 
o f th is  s o lu tio n  tw ice  fo r 12 ho u rs  a t room  tem pera tu re  u n d e r 
n itrogen .
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For 7L i the  m ix tu re  w ou ld  be 50m M  L iC l 10 m M  LigPgO^Q 
and 20 m M  cho line chloride. D ia lysis was carried  o u t aga inst 20 
cm3 o f th is  so lu tion  tw ice fo r 12 hours a t room  tem pera tu re  under 
n itrogen .
For ^L i the m ix tu re  was the same b u t  the fin a l dialyses were 
ca rr ie d  o u t tw ice  fo r 1.5 h o u rs  a t room  te m p e ra tu re  u n d e r 
n itrogen against 20 cm^ of solu tion.
The L ig P g O jo  was prepared  b y  t i t r a t in g  L iO H  a g a in s t 
t r ip o ly p h o s p h o r ic  a c id  o b ta in e d  b y  r u n n in g  s o d iu m  
tripo lyphosphate  so lu tion  down a cation exchange co lum n charged 
in  the  H+ fo rm . The end p o in t pH  7 was fo u n d  u s in g  a pH  
electrode. ^l ic I was prepared by t itra tin g  ^LiO H w ith  HC l again to  
pH  7.
The vesicles were transfe rred  q u an tita tive ly  to  a 10m m  n m r 
tube. The lock  signal was ob ta ined from  a 4m m  coaxia l in s e rt o f 
D 2 O. The s h ift difference was ob tained by the add ition  o f su ffic ie n t 
aqueous IM  DyClg (for Na) lOOmM DyClg (for Li) o r IM  Tb(NOg)g 
(for K) to give a clear baseline between the peaks. The q u a n tity  
needed depended on the ca tion  concentra tion  and was ty p ic a lly  a 
few m ic ro litre s  o f a IM  so lu tio n  (sodium  and po tassium ) o r o f a 
100 m M  so lu tion  fo r lith iu m .
The ionophore  was used as a s tanda rd  so lu tio n  in  HPLC 
grade m e thanol. Typ ica l concentrations were 5x1 O^M and a liquo ts  
were o f 0-10 m ic ro litre  am oun ts i.e. picomoles.
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Prepara tion o f d ihydrosa linom ycin .50
S od ium  sa lin o m yc in  ( llO m g ) was d isso lved in  m e th an o l 
(5cm5). To th is  so lu tion  pa llad ium -carbon  ca ta lys t (20 mg) was 
added. The m ix tu re  was s tirre d  un de r hydrogen fo r 36 ho u rs  a t 
room  tem pera tu re  and the ca ta lys t removed b y  f ilt ra t io n . The 
e than o l was removed b y  d is til la t io n  a t reduced pressure . The 
HPTLC plate o f the fin a l p roduct showed a single spot a t a pos ition  
s lig h tly  d iffe ren t to th a t o f sa linom ycin. The ^H n m r spectrum  o f 
th is  m a te ria l was seen to be lack ing  the v iny lic  peaks, a lthough the 
rest o f the spectrum  looked the same.
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CHAPTER 3 .
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Chapter 3 The study of the molecular conform ations of 
salinomvcin and narasin using and nmr.
3 .  1 In tro d u c tio n .
N uclear m agne tic  resonance is a very pow erfu l and w ide ly  
used a n a ly tic a l too l p ro v id in g  d ire c t in fo rm a t io n  a b o u t the  
chem ical environm en t o f a p a rtic u la r atom, as long as the nucleus 
is  m agne tic. As such i t  can be used to s tu d y  the s tru c tu re  and 
con fo rm a tion  o f m any m a teria ls. M ost chem ists use n m r re gu la rly  
to  id e n tify  w he the r o r n o t th e ir  reaction  p ro d u c t is th a t w h ic h  
they  require .
There are however some lim ita tio n s  o f th is  techn ique. One 
is  the  re la tive  inse n s itiv ity . M illig ra m  q uan titie s  o f m a te ria l are 
n o rm a lly  re q u ire d  to  o b ta in  a sp e c tru m  in  a p ra c t ic a l
tim esca le . A  second prob lem  is the  em barasssm en t o f riches 
ob ta ined  in  a spectrum . I f  a spectrum  is ta ke n  o f a com plex 
m a te ria l the lines w ill tend to overlap one another m a k in g  th e ir  
id e n tif ic a t io n  and ass ignm en t d if f ic u lt .  T h is  is  a p a r t ic u la r  
p roblem  in  p ro ton  spectra, as there is on ly a sm all spectra l w id th  
and the lines tend to be re la tive ly  broad w ith  m u lt ip le t character. 
I t  is possible to  resolve th is  d if f ic u lty  by  the  use o f a second 
d im ens ion  in  the acqu is ition . I f  the resonances are separated in  
tw o d im ens ions  th e n  the re  is  less like lih o o d  o f peak overlap  
occu rring .
3.1.1 Two d im ensiona l nm r.
Two d im ens iona l (2D) n m r was f irs t  proposed in  1971 by  
J e e n e r i. The technique w h ich  he pioneered used two tc/ 2 pu lses
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and has since become w ide ly used. I t  is more com m only know n as 
COSY one o f the acronym s beloved by n m r spectroscopists in  th is  
case i t  is  ta ke n  fro m  C o rre la t io n  SpectroscopY.2 The in it ia l 
m e thod has spawned a large num ber o f varian ts  m ost o f w h ich  are 
some k in d  o f corre la tion  spectroscopy. These techn iques a ll re ly  
on w h a t is  know n as frequency labe lling  fo r th e ir  u t i l i ty .  The 
general procedure can be represented schem a tica lly as follows :
A cq u ire
S o m e th in g ----------- ---------------- 1 S om e th ing else|— ^ — -
w here  t% and tg are b o th  tim e delays and the  n a tu re  o f the  
operations vary. E xactly  w ha t these operations are w il l  depend on 
the  a im  o f the experim en t and examples w ill be given la te r. In  
general the sample is m odula ted as a func tion  o f t^ and detected as 
a fu n c tio n  o f t 2 - The sample w ill in it ia lly  evolve a t some frequency 
V i d u rin g  t^ ie. i t  is labelled w ith  th is  frequency. D u rin g  t 2  the  
evo lu tion  w ill occur a t a d iffe ren t frequency, V2 . T h is  w ill lead to 
peaks in  the spectrum  a t (vi,V2 ) where These are know n
as o ff d iagonals o r cross peaks and are the objec t o f a ll 2D  n m r 
techn iques.3
Th is process is best explained using the s im plest system  ie a 
s ing le  sp in  1 /2  nuc leus . I f  the  lo n g itu d in a l re la xa tio n  T j  is
ignored fo r s im plic ity 's  sake the behaviour o f the m agne tisa tion  in  
the ro ta tin g  fram e w ith  two n /2  pulses w ill be as shown in  F igure 
3-1.
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Figure 3-1. A  two d im ensional n m r pulse sequence.
The a cq u is itio n  sam ples the m agne tisa tion  o n ly  in  the  x -y  
plane where the s ignal in te n s ity  is M.sin27C.v.ti. So the signal w il l 
fluc tua te  s inuso ida lly  w ith  t j  and decay exponentia lly w ith  tim e as
M= Moe”t i / T 2  Eqn. 3-1.
I f  a series o f experim en ts are perform ed a t in te rva ls  o f t^
s ta rtin g  from  zero to several seconds the am plitude  o f the  peak 
w ou ld  be seen to fluc tua te  s inuso ida lly  w ith  frequency v, see Figure 
3-2. Observing the top o f th is  peak w ill produce a pa tte rn  like  th a t 
in  F igure 3-3 know n as an interferogram . This can be seen to bear 
a rem arkab le  resemblence to a free in d u c tion  decay and i t  can be 
F o u rie r trans fo rm ed in  the same way. I f  th is  is  pe rfo rm ed fo r 
every c o lu m n  o f p o in ts  ob ta ine d  fro m  an F ID  th e n  a tw o 
d im ens iona l spectrum  can be ob ta ined w ith  a peak a t (vi.Vg). In  
th is  case vg is the chem ical s h ift v o f the peak. In  th is  case the
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Figure 3-2. The resu lt o f applying the pulse 
sequence in  F igure 3-1 w ith  variable t j . ^
F igure 3-3. A  slice from  the data o f Figure 3-2 
taken pa ra lle l to t j  th rough  the tops o f the peaks.^
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in te rfe ro g ram  produced was o sc illa tin g  w ith  frequency v so the 
fre que ncy  is also the chem ical sh ift. T h is  leads to a square 
spectrum  w ith  a peak a t (v,v) ie on the diagonal. Th is  spectrum  in  
its e lf is n o t p a rtic u la r ly  use fu l b u t  i f  the same pulse techn ique is 
app lied  to  a system  w ith  J  cou p ling  the n  th is  is  an e n tire ly  
d iffe re n t m a tte r.
3 .1.2 Coherence transfe r.
I t  is possible to id e n tify  adjacent groups in  a spectrum  us ing  
h o m o n u c le a r decoup ling .^  For a com plex spectrum  th is  w il l  be 
made more d iff ic u lt  as the peaks w ill tend to overlap. Th is  m akes 
i t  ha rd  to decouple on ly one specific resonance and also d iff ic u lt to 
id e n tify  the changes in  the spectrum . I f  i t  were possible to spread 
the da ta  o u t over two d im ensions then  peaks are less lik e ly  to  
overlap and cross peaks o ff the m ain diagonal w ill become obvious. 
T h is  sh o u ld  enable the  che m is t to  id e n tify  e a s ily  cou p ling s  
be tw een ad jacen t centres and so assign the spe c trum . The 
prob lem  is how to produce these o ff diagonal peaks.
Th is can in  fact be achieved using the above pulse sequence.2 
The reasons fo r th is  become clear i f  one considers a system  w ith  
hom onuc lea r coup ling . In  a coupled system  the  second pu lse  
causes the m agne tisation in  one tra n s itio n  w h ich  arose d u rin g  t% to
be shared am ongst a ll its  associated tra ns itio n s . The reason fo r 
th is  lies in  the concept o f coherence. C onsidering  a sa tu ra ted  
tra n s itio n  and one w h ich  has ju s t  undergone a t i /2  pulse i t  can be 
seen th a t ne ithe r have a z com ponen t o f the m agne tisa tion . The 
p o pu la tion s  o f the  a and P states m u s t there fore  be the  same. 
However in  the  fo rm er case there is no ne t m agne tisa tion , w h ils t
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in  the  la tte r there is a m agne tisation com ponen t precessing in  the  
x -y  p lane. Th is  arises from  the  x -y  com ponen ts o f the  n u c le i 
p recessing w ith  the  same phase, w h ich  th e y  derived fro m  the 
pu lse . In  the  sa tu ra ted  sam ple the  nuc le i are precessing w ith  
random  phase o r incoherently . Thus experiencing a pu lse  creates 
a phase coherence between the a  and p states.^
A  coherence like  th is  across a tra n s itio n  is  ca lled a single 
q u a n tu m  coherence. Th is is in  fac t the ro o t cause o f the  n m r 
signal. Th is  phase coherence is use fu l as once created i t  can be 
transfe rred to o ther states. In  an AX  system (Figure 3-4) i f  a single 
q u a n tum  coherence is created across say the  A^ tra n s itio n , w h a t 
are its  possible fates? A  k pu lse  w il l  excite a ll the  p o p u la tio n  
excess and tra ns fe r a ll the phase da ta  to the receiving level. So i f  
such  a pu lse  were to be app lied  to  the tra n s it io n  a phase 
coherence be tween aa  and pp w ou ld  be created. Th is  w ou ld  be a 
double  q u a n tum  coherence as there is  a difference o f tw o in  the  
q u a n tu m  levels o f the two states. As the se lection  ru le  fo r a 
tra n s it io n  to be seen is  AM = ±1 these can n o t be observed. 
However they  are used in  ce rta in  n m r experim en ts  as an ex tra  
pu lse can convert them  back to a single quan tum  coherence w h ich  
is observable. The evo lu tion  o f the  inv is ib le  m u lt ip le  q u a n tu m  
coherence w il l  proceed along d iffe ren t pa thw ays to those o f the  
observable spectrum  and so m ay be o f prac tica l use.
I f  we re tu rn  to  ou r single qu an tum  coherence be tween the 
aa and ap states we can consider w ha t happens i f  a pulse o f o ther 
th a n  K is adm in iste red . Th is  w ill lead to on ly  p a rtia l tra n s fe r o f 
coherence so there w ill now  be three phase coherences aa -  ap, 
ap -  pp, bo th  single quan tum  coherences and the double qu an tum
109
pp
a a
Figure 3-4. The energy levels in  an AX system
coherence, aa -  pp. I t  is the second o f these, the single q u a n tu m  
coherence across the tra n s itio n  w h ich  gives rise  to the COSY
cross peak. Th is  com ponen t shou ld  be called coherence trans fe r. 
In  a real COSY experim en t the pulses are no t applied selectively to 
a single tra n s itio n , instead a non-selective pulse is applied across 
the w hole spec trum .^ Th is pulse can be seen as a sequence, or 
cascade, o f selective pulses in  qu ick  succession. T h is  means th a t 
w h ile  the phase in fo rm a tio n  in  ap is being p a r t ia lly  transfe red  to 
pp the same is happening fo r a ll the other pa irs  o f states. T hus 
d u rin g  th is  second pu lse phase coherence is  spread o u t am ongst 
a ll the possible coherences ( in  the AX case there are 6 , 4 single, 1 
zero and 1 doub le  q u a n tu m  coherence). E xa c t ly  how  m u ch  
coherence is trans fe rred  to each state depends on t j ,  J  and the
d u ra tio n  o f the second pulse.
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3.1.3 D a ta  hand ling  and presentation.
One p rob lem  in  2D n m r is the am oun t o f da ta  w h ic h  is 
accum ula ted . C onsider a lO ppm  iH  spectrum  w ith  0.2 H z /p t  
reso lu tion  a t 500MHz. In  the one dim ensional spectrum  th is  gives 
an acqu is ition  tim e o f 5s and uses 50,000 words o f m em ory space. 
T h is  is  w ell w ith in  the capacity o f any m odern spectrom e ter. The 
e q u iva le n t 2D  exp e rim e n t w ith  the  same re s o lu tio n  in  each 
d im ens ion  requ ires 50,000 w ords fo r each tg spec trum  and 2 x  
25 ,000  fo r each t^ . T hus leading to a to ta l o f 2 ,5 00 ,000 ,00 0  
w ords o f com pu te r m em ory w h ich  is ro u g h ly  equ iva le n t to  the  
m em ory o f 60 pe rsona l com pu te rs. The o th e r p ro b le m  is  the 
acq u is ition  tim e. Th is is 7.5s fo r each spectrum  (mean t^ + tg) so
fo r 25,000 spectra w ith  e ight scans each to a llow  fo r phase cycling  
the to ta l acqu is ition  tim e is aroud 17 days. So some decrease in  
the d ig ita l reso lu tion  a n d /o r sweep w id th  is  requ ired  to  m ake th is  
a viable opera tion.^
The sp e c tru m  w h ic h  re s u lts  fro m  th is  pu lse  sequence 
con ta ins  cross peaks show ing w h ich  resonances are coupled to 
each other. There are also peaks on the m a in  diagonal w h ich  are 
those due to un trans fe rred  coherence. The d iagonal is  in  fac t the  
ID  spectrum . The o ther fact to note is th a t a coup ling  from  A  to  X  
m u s t also m ean a coup ling  from  X  to A  o f the  same m agn itude . 
T h is  m eans th a t the  spectrum  is sym m e trica l a b o u t the  m a in  
diagonal. Th is fac to r can be used in  the processing to e lim ina te  
sp u rio u s  s igna ls  by  the process o f s y m m e tr is a tio n .^ T h is  is a 
process w h ich  rejects any data w h ich  is no t sym m e trica l abou t the 
m a in  d iagonal. In  th is  m anner i t  removes a lo t o f no ise and 
u n w a n te d  fea tu res  th e re b y  im p ro v in g  the  appearance o f the
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spectrum . I t  is  however on ly  o f use i f  the m agnitude spectrum  is 
being considered and the peaks are a ll o f the same phase and bo th  
the spectra l w id th s  and the sizes o f the two blocks are the  same.
There are two ways o f p resen ting  2D spectra, as stacked 
p lo ts  or con tou r p lo ts. Stacked p lo ts are where rows o f spectra  
are p lo tted  s lig h tly  offset. Th is seems to give a three d im ens iona l 
representa tion  o f the spectrum  as the peaks can be seen to  b u ild  
up  in  bo th  d im ensions. Th is  makes the peaks easy to  see b u t  as 
th e  spe c tra  become m ore com p lica ted  th e y  ra p id ly  becom e 
clu tte red. C ontour plots look ra the r like  an Ordanance Survey map 
o f a m o u n ta in  range. Points o f equal in te n s ity  are lin k e d  by  
co n tou rs . T h is  m akes the spec trum  c learer and enables the  
coup lings to be re a d ily  m easured off. A ll th a t is  re qu ire d  is  a 
s tra ig h t edge, good eyesight and some pa tience and the  lines  are 
re la tive ly  easy to follow.
3.1.4 Phase cvcling.
There are a n u m b e r o f p rob lem s in  se ttin g  u p  a COSY 
spectrum  to ob ta in  a good resu lt. One factor com m on to a ll 2D  or 
3D spectra is the need fo r phase cycling. Th is removes unw anted  
peaks in  a num ber o f ways given below. The f irs t p rob lem  arises 
due to the lo n g itu d in a l re laxation, T j.  Th is was ignored w hen the
COSY spectrum  was f irs t  discussed b u t  i t  is an im p o r ta n t factor. 
The effect o f T j is to re tu rn  the m agne tisation to the  z axis d u rin g  
the t i  evo lu tion delay. Therefore on the app lica tion  o f the second 
(tc/ 2 ) x pu lse  i t  w il l  give rise to a peak in  the  2D tra ns fo rm ed  
spectrum  a t V j = 0. So th is  w ill be a copy o f the spectrum  along 
th is  line  w h ich  is p robab ly  in  the m idd le  o f the  spectrum . I f  a
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(tc/ 2)_x pulse is  applied then  the m agne tisation w ill be along the -y  
axis as opposed to the +y axis as seen earlier. So a lte rna ting  a +x
and  - X  pu lse  sh o u ld  average th is  s igna l o u t to  z e r o . ^  The
com ponen t o f the  m agne tisa tion  o f in te res t in  the  spec trum  lies 
along the x  axis so is unaffected by the sign o f the second pulse. 
Th is  gives us the phase cycle:
Scan Phase 1 Phase 2 Rec
1 X  X X
2  X  - X X
The experim en t w il l also su ffe r from  the p roblem s in  quad 
de tec tion  seen fo r one d im ens iona l spectra  so the  same pu lse  
sequence can be applied.
3.1 .5  Q uadra tu re  detection.
Quad detection is a way o f im proving the signa l to  noise and 
decreasing the  requ ired  com pu te r power by m easu ring  from  the  
cen tre  o f a sp e c trum .^ The prob lem  w ith  th is  is  th a t the  one 
com ponen t o f the  m agne tisa tion  is in s u ff ic ie n t to  d is t in g u is h  
be twen positive and negative frequencies. Th is  is  like  w a tch ing  a 
ro ta tin g  s tic k  from  the side. I t  is im possible  to d is in g u is h  the 
d ire c tion  o f ro ta tion  i t  ju s t  looks like  i t  is osc illa ting  up  and down 
see F igure  3 -5 . I f  i t  is  observed from  a second o rth o g o n a l 
d irec tion  a t the same tim e the sense o f ro ta tion  can be e lucida ted. 
In  te rm s o f an n m r spectrom e ter th is  requires two separate phase 
sensitive detectors w ith  iden tica l reference frequencies b u t  a 90° 
phase difference be tween them .
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Figure 3-5. Schem a tic d iagram  to show the effect o f observing a 
ro ta ting  s tick  in  the plane o f ro ta tion .
T h is  p roced u re  enbles the  d ire c tio n  o f m o t io n  to  be 
observed b u t  u n fo rtu na te ly  also leads to problem s in  the hardware. 
Fo r quad detection  to be successfu l bo th  channe ls  have to  be 
iden tica l, otherw ise the even and odd com ponen ts w il l  n o t cancel 
exac tly . To m in im is e  th is  p rob le m  a phase cycle  can be 
im p le m e n te d , in  c o n ju n c tio n  w ith  a lte rn a tin g  th e  re ce ive r 
channe l. The da ta  is ob ta ined by  a lte rn a tin g  the phase o f the 
s igna l and the receiver channe l used. T hus the  da ta  w ith  one 
phase is  stored together and th a t w ith  the o ther phase also stored 
together in  a separate m em ory block. Th is produces two fid 's  one 
real and one im aginary w h ich  are bo th  p a rt o f a com plex spectrum .
114
There m ay also be fau lts  w h ich  w ill lead to spu rious signals whose 
phase is  ind ep e n de n t o f the  app lied  pu lse . A  180° phase 
d iffe rence fo llow ed b y  s u b tra c tio n  o f the  s tored sp e c tru m  w il l  
e lim ina te  these. Put together th is  gives a fo u r pulse cycle.
Scan Pulse Rec A B
1 X X + 1 + 2
2 y y - 2 + 1
3 - X - X - 1 - 2
4 -y -y + 2 - 1
A  and B are the m em ory blocks, 1 and 2 are the receiver channels.
The prob lem  w ith  th is  m e thod o f quad de tection  is  th a t i t  
requ ires two d ig itise rs (ADC's) w h ich  are expensive. To get ro u nd  
th is  i t  is  possible to  collect bo th  phases th roug h  a single ADC by  
tre a tin g  the signal as i f  i t  were being detected as a single phase.^ 
The receiver phase is advanced by  90° afte r each p o in t has been 
de tected. Each sam ple p o in t w il l  then  have a phase 90° h ig he r 
th a n  expected so i t  looks like  a sample o f h igher frequency. Th is 
w orks because i f  the sweep w id th  is F we are d ig itis in g  a t 2F. The 
phase s h ift is 90° ie 1 /4  cycle so the frequency seems to have been 
increased b y  F /2 . The signal is measured from  the centre o f the  
spectrum  so the observed frequencies are a t -F /2  to F /2  re la tive to 
the  reference frequency. So i f  th is  is increased by  F /2  th is  w ill 
seem to  range from  0 - F rem oving the negative p o rtio n  o f the  
spec trum . T h is  process is know n  as Tim e P ro p o r tio n a l Phase 
Increm en ts  (TPPl) and w ill crop u p  la te r as a m e thod  fo r phase 
sensitive COSY experimen ts.
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3.1 .6  COSY spectra in  m agnitude mode.
The s im plest fo rm  o f COSY is referred to  as the  m agnitude  
spectrum . Less da ta  is produced th a n  w ith  the phase sensitive 
COSY discussed la te r b u t  is  s im ple r to ca rry  ou t. Th is  m e thod 
w o rks  b y  com b in ing  the tw o signals w ith  90° phase d iffe rence 
e ithe r b y  add ition  or s u b t r a c t io n . 6  in  the la tte r case w h ich  is m ost 
often used the pulse sequence is:
Scan Pulse 1 Pulse 2 Rec
1 X X X
2 X y - X
3 X - X X
4 X -y - X
Th is m e thod leads to lines w ith  a m ix tu re  o f the  absorp tion  
and dispersion pa rts  o f the spectrum  ie there are bo th  positive and 
negative areas. Th is  is re c tified  by ca lcu la tin g  the  m agn itude  
spectrum  ( fA / ) using
W h e re  f7(^is the  re a l spe c trum  and I  is  th e  im a g in a ry  
spectrum . This gives a s ta r shaped line  w ith  a very w ide base. To 
e lim ina te  th is  a s ine -be ll w indow  fu n c t io n  can be app lied  to  the  
f id .6  Th is is h a lf the cycle o f a sine wave possibly squared a n d /o r  
phase sh ifted . The problem  w ith  th is  m e thod is  a lth o ug h  i t  does 
sha rpen  the lin e  i t  also loses sen s itiv ity . T h is  is  p a r t ic u la r ly  
serious i f  the re  are lines  w ith  m arkedy d iffe re n t w id th s  in  the  
spectrum . The sine be ll w orks b y  reducing the  in te n s ity  a t the 
beg inn ing and end o f the fid  b u t  em phasising the m idd le. T h us  a
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sharp  line  w ill show up  well b u t  a broad line  w ill have lo s t m u ch  
in te n s ity  in  the  re so lu tio n  enhancem en t p rocedure. There fore 
th is  m e thod is no t ideal to  use, a lthough i t  is the approach used in  
a ll o f the spectra used in  th is  work.
3 .1.7  Phase sensitive COSY.
A  b e tte r techn iqu e  is the  phase sens itive  C O SY .^ Th is  
produces a spectrum  w h ich  gives the re la tive phases o f the cross 
peaks enabling the  signs o f coupling constants to  be de term ined. 
T h is  procedure also gives extra  da ta  abou t the  type o f cou p ling  
observed and has none o f the  draw backs associated w ith  the  
m agnitude  spectrum  listed above.^ One m e thod o f ob ta in ing  such  
spectra  is  to  use TPPI (tim e p rop o r tio n a l phase increm en ts ) as 
m en tioned unde r quad d e te c t io n .5 In  a 2D experim en t th is  w orks 
b y  inc reas ing  the  phase o f the  in it ia l pu lse  b y  90° w ith  each 
increase in  t%. As in  the one dim ensional equiva lent t j  is  sam pled
a t tw ice the rate b u t  on ly h a lf o f the values are stored.
3.1.8 The nuc lear Overhauser effect and NOESY spectra.
A  second type  o f h o m o n u c le a r tw o  d im e n s io n a l n m r 
techn ique  is the so called N uclear O verhauser E ffect co rre la tio n  
S pectroscopY  (NOESY ) . 8  Th is shows w h ich  p ro tons are near in  
space b u t  n o t necesarily in  the s truc tu re . F rom  such  In te ractions 
i t  is  possible to  ex trac t a lo t o f s tru c tu ra l in fo rm a t io n . T h is  
technique is  w ide ly  used in  the s tudy  o f p ro te in  fo ld ing  pa tterns.
The nuc lear O verhauser effect (nOe) is observed as a change 
in  in te n s ity  o f one resonance w hen another is  pe rtu rb e d .^  I t  is  
caused by d ire c t in te rac tio n  of the magne tic dipoles o f n u c le i w ith
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each o the r and is p ropo rtiona l to  l/ r®  where r  is  the in te rn u c le a r 
d istance. In  some cases the nOe data can be q u a n t if ie d  to  give 
d ire c t com parison w ith  s im ila r c o m p o u n d s .  lO in  m ore com plex 
m a te ria ls  where a greater num ber o f fac tors can co n trib u te  to  the 
m a gn itu de  o f the  nOe a q u a lita tive  com parison  is  a ll th a t is 
re a lis tica lly  possible. In  a NOESY spec trum  i t  is  the  presence o f a 
cross peak w h ich  is im p o r ta n t. In  p ro te in  n m r th is  is  take n  to 
m ean th a t the  tw o groups th u s  corre la ted  are close to  each 
o th e r. Each o f the p ro te in  fo ld ing  s tru c tu re s  eg p-sheet o r a- 
h e lix  show  d is tin c tive  pa tte rns o f NOESY cross peaks and so can 
be iden tified .
The o rig in  o f the nOe, as stated above, is in  m agne tic d ipo la r 
in te ra c tio n s . The reason fo r th is  lies in  the  system  try in g  to 
m a in ta in  its e lf  a t th e rm a l e q u i l i b r i u m . 9 So, as the  po pu la tion  
d iffe rence across one tra n s it io n  is changed, those across o the r 
tra n s it io n s  a lte r to  t ry  and balance o u t the  d iffe rence. The 
tra n s itio n s  affected m us t be in  some way connected to those being 
s tim ula ted . In  th is  case the in te rac tion  is th rou g h  space so is  no t 
lim ite d  to  g roups w h ic h  are close together in  th e  m o le cu la r 
s tru c tu re . I t  is  possible to  see in te ra c tio n s  be tween n u c le i a t 
opposite ends o f the  m olecule i f  they are close to each o th e r in  
space. Therefore the in fo rm a tio n  is com plem en ta ry to  th a t from  
the COSY spectrum .
In  a COSY experim en t the com ponen t o f m agne tisa tion  along 
th e  y -a x is  before the  second pu lse  is igno red . I t  is  th is  
com ponen t, however, w h ich  is m onitored in  the NOESY spec trum . 
T h is  com ponen t is frequency labelled, as is the  com ponen t used 
in  the  COSY spectrum  and as such can be used to  aqu ire  a 2D
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spectrum . Th is com ponen t is along the z-axis w h ile  the COSY 
sp e c tru m  is acqu ired  and so can be invo lved  w ith  chem ica l 
trans fe r, nOe or poss ib ly  bo th . I f  th is  com ponen t is  re tu rn ed  to 
the  x -y  p lane a fte r an evo lu tion  delay then  a spec trum  can be 
acquired. The pulse sequence used is:
2 ------------- ---------------- 2 ------------ ------------- 2 ----------- ^ 2  A cqu ire
Th is is very s im ila r to the m agne tisa tion tra n s fe r sequence 
seen in  the previous chapte r. Indeed i t  is  a tw o d im e ns ion a l 
vers ion  o f th is  experim en t. I f  d u rin g  the evo lu tion  delay, a
nuc leus  labelled w ith  a p a rtic u la r frequency m igra tes to  ano the r 
site there w ill be a cross peak between the two sites. I f  there are 
two nuc le i in  the molecule w h ich  w ou ld  show an nOe then  as the z 
com ponen ts o f th e ir  m agne tisations can also in te ra c t there m ay be 
a cross peak between these two sites.
3.1.9 H e te ronuclear corre la tion  spectroscopy.
A  fu r th e r type o f two d im ens iona l n m r experim en t used in  
th is  w o rk  were he teronuclear corre la tion  experim en ts. These are 
a m e thod o f d e te rm in ing  w h ich  p ro tons are a ttached to  w h ic h  
carbons and as such make the assignm en t o f the spectrum  a 
sim ple m a tte r, once the spectrum  has been assigned. These 
m e thods w o rk  by  a s im ila r  m e thod to  the  COSY exp e rim e n t 
d iscussed above re ly ing  on po la risa tion  tra n s fe r be tween p ro tons 
and 18c n u c le i. 11 The p o la risa tio n  is tra n s fe rre d  v ia  the J -  
couplings w h ich  allows fo r selection o f the cross peaks seen. The 
i j  coup ling  constants w ill be o f the order o f IGOHz fo r iH  to  l^C  so 
can easily be selected. Longer range, coup ling  constants are o f
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the  o rder o f 10-15 Hz so i t  is  also possible to select them . The 
selection is achieved by means o f a fixed delay o f 1 / ( 2 Jqh ) w h ich
a llow s the  two p ro to n  vectors a r is in g  fro m  the  J -c o u p lin g  to 
process in to  an a n ti para lle l a lignm en t. Th is  allows m agne tisa tion  
tra n s fe r to occur. Changing th is  delay a llows d iffe re n t co u p ling  
constan ts  to be selected. Two experim en ts, ca lled XHCORD and 
COLOC, were used fo r the w o rk  in  th is  thesis. The fo rm er selects 
fo r sing le bond couplings w h ile  the la tte r id e n tifies  longer range 
in te rac tio ns .
The general pulse sequence fo r th is  type o f experim en t is  as 
given in  F igure 3-6.
90° 90°
H
13,
D ecoupling
; 180° 90°
A cq u is itio n
1 E vo lu tion  tim e t% Ai Ag t 2
F ig u re  3 -6. The pu lse  sequence used fo r H e te ron u c le a r s h if t  
co rre la tion  spectroscopy.
The 180° pu lse app lied  to  the  carbon channe l serves to  
decouple the p ro ton  signal. The delays t% and tg and the tw o 90°
pu lses in  the  IH  channe l are analogous to those in  the  COSY 
experim en t. The delay selects fo r the coup ling  con s tan t and 
the delay Ag is to  a llow  the carbon vec tors to a lign  in  a p a ra lle l
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o rien ta tion . The 90° pulse in  the channel is  a read pu lse to 
p lace the  m agne tisa tion  in  the  x -y  p lane w here  i t  can be 
measured.
3 .1 .10  One d im ensional n m r experimen ts.
Two one d im ens iona l n m r experim en ts were also used in  
the  assignm en t o f the 13C spectra these were W ALTZ and DEPT. 
W ALTZ 16 is a pu lse sequence developed to  achieve broadband IH -  
13C d e c o u p l i n g .  12 The WALTZ experim en t consists o f a sequence 
o f com posite pu lses w h ich  refocus the com ponen ts a r is in g  fro m  
the  i J  coup lings. T h is  means th a t there is no re s id u a l s p lit t in g  
due to  the i J  in te rac tions . DEPT is  a spectrum  ed itin g  m e thod 
w h ic h  is  used to  id e n tify  the num ber o f p ro tons a ttached  to a 
p a r t ic u la r  c a r b o n .  13 The DEPT experim en t con s is ts  o f th ree  
pulses, two in  the IH  channe l and one in  the 13C channe l. The 
pulse sequence is given in  F igure 3-7.
90° (X) 180° PiY)
Decouple
90 ' 180°
A cq u ire
F igure 3-7. The pulse sequence used in  DEPT experim en ts.
The second pulse in  the iH  channe l (p(Y)) is  the  com posite 
p u lse  (tc/ 2 ) x , (P)z> ( ^ /2 ) -x *  T h is  sequence crea tes  I-s p in
coherences dependent on the nu m b e r o f n u c le i a ttached  to  a 
p a rt ic u la r  S nuc leus, IS, s ing le quan tum  coherence, IgS doub le
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q u a n tu m  coherence and I 3 S b o th  s ing le and  tr ip le  q u a n tu m  
coherences. The second pulse has variable f lip  angle and is where 
the se lec tiv ity  arises. I f  th is  is  a 90° pulse then  on ly  CH signals 
occur, a 45° pu lse selects a ll b u t  qua te rnary carbons and a 135° 
pu lse inve rts  the signals from  CHg groups. The f in a l p a rt o f the
com posite pu lse converts the m u lt ip le  coherences in to  observable 
13c m agne tisation.
3.2_____ NMR on salinom vcin and narasin.
There have been a num ber o f n m r stud ies on sa lino m yc in  
and na ras in  pub lished over the years since th e ir discovery. These 
have been us ing  bo th  i^C  and iH  n m r and have been concerned 
w ith  the s tru c tu re , con form a tion  and b iosyn the tic  o rig ins  o f these 
m a te ria ls . The w o rk  on a ll the po lyether an tib io tics  pub lished  up  
u n t i l  1982 was reviewed in  Westley's book w ith  chapters on b o th
iR  and i^C  n m r .  1 4 . 1 5
3.2.1 13c n m r o f salinom vcin and narasin.
The f irs t  papers on the n m r properties  o f these m a te ria ls  
were carried ou t us ing  13C nm r. Three papers were pub lished  in  
1976-77 on the 13C n m r o f bo th  na ras in  and sa linom ycin  the la tte r 
being stud ied as the sodium  sa lt as well as the free acid.
In  1976 D orm an et al from  E li L illy  pub lished a paper on the 
13c n m r o f na ras in . 13 They used a 25MHz I3 c  spectrom e te r in  
con tinuous wave mode collec ting and adding m u lt ip le  spectra. To 
o b ta in  reasonable signal to noise and to aid in  the  s tu d y  o f the  
biogenesis, 13C enriched sam ples were used. The n a ra s in  was 
prepared by  fe rm en ta tion  o f Streptom yces aureofaciens w ith  13C
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enriched substra tes. The a im  o f the s tud y  was to w o rk  o u t the 
b io syn th e tic  pa thw ay by id e n t ify in g  the source o f the  observed 
e n ric h m e n ts . S ix  d iffe re n t su b s tra te s  were used, acetate , 
propionate and bu tyra te , each labelled a t on ly one site. Th is  means 
th a t the  l is t  is  Ac(2), Pr(2), Pr(3), Bu(2), Bu(3) and Bu(4), the 
n u m b e r in  bracke ts  no ting  the site o f en richm en t. The re su lts  
show ed th a t  the  m olecu le  w as derived  fro m  5 ace ta te , 7 
p rop ionate  and 3 bu ty ra te  u n its , as expected from  the  s tru c tu re . 
T h is  also enabled an assignm en t o f the s tru c tu re  to  be made. 
There were a large nu m b e r o f un ce r ta in tie s  in  th is  ass ignm en t 
w ith  nearly  h a lf o f the published values uncerta in . I t  was also seen 
th a t en richm e n t occurred a t d iffe ren t sites from  those expected. 
Th is  is due to the a lte ra tion  o f the substrates by  the process o f a- 
ox id a tion . T h is  w il l  p roduce fo r example a p rop io na te  fro m  a 
bu tyrate.
Th is  showed th a t 13Q enrichm en t can be used to s tu d y  such 
m a te ria ls  and th a t the biosynthesis follows the po lyketide pathway. 
There  are how ever ce rta in  com plica tions  in  th e  fe rm e n ta tio n  
process. Th is  paper also showed th a t the s tru c tu re  o f n a ra s in  as 
proposed from  the mass spectrum  was in  fact correct.
In  1977 Seto et al published a second s tudy  o f the n m r 
o f n a ra s in . 13 T h is  was on ly  a p a rtia l ass ignm en t o f spec trum  
re la ting  to the sa linom ycin  assignm en t pub lished la te r th a t year. 19 
The a im  o f th is  w o rk  was to id e n tify  the p o s itio n  o f the  e x tra  
m e th y l in  na ras in . I t  was know n  th a t th is  g roup  was in  fac t 
sub s titu te d  on rin g  A, ie th a t nearest to the carboxyl grouping, b u t  
the ac tu a l s ite  and o rie n ta tion  o f s u b s titu tio n  were u n ce rta in . A  
com parison o f the i^C  n m r spectra  o f sa lino m yc in  and n a ra s in
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showed where the extra  m e thy l occurred in  the spectrum  and the 
e ffect th is  s u b s titu e n t had on the o th e r resonances. I t  was 
observed th a t the  s ig n a l fro m  C(4) and C(5) u n d e rw e n t s h if t  
changes o f ca 9ppm  w ith  a 3ppm  s h ift change a t C(3) and no 
change a t C(6 ), Com parisons o f these values w ith  those observed 
in  m e thy l su b s titu te d  cyclohexanes showed th a t the  m e thy l m u s t 
be bonded to  0(4) in  an equa to ria l position. I t  was also observed 
th a t Me(41) showed a m u ch  sm alle r T j  th a n  the  o the r m e thy ls ,
b u t  th a t i t  was s im ila r to  those o f the  m e thy lenes. T h is  was 
expla ined by the re s tric tio n  o f ro ta tion  o f th is  group b y  the  p ro tons 
attached to 0(42). see Figure 3-8.
H3C
40
CO2H
Figure 3-8. Showing the  steric  h inderance o f the carboxyl cha in  in  
narasin.
The o the r paper m en tioned was a com ple te ass ignm en t o f 
the  I3Q spectra  o f sa linom ycin  as the free acid, sod ium  sa lt and 
a ls o  a s s ig n m e n ts  o f 2 0 -d e o x y s a lin o m y c in  a n d  m e th y l 
s a l i n o m y c i n .  T h is  was achieved by  com parisons w ith  s im ila r  
com pounds and by  us ing  i^O  enriched m a teria ls. In  th is  case 1,2 
do ub ly  labelled ace tate and prop ionate were used, dem ons tra ting  
w h ic h  p a irs  o f carbons were ad jacent. The ass ignm en ts  were
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b e tte r th a n  those o f D orm an e t a l.iG  fo r na ras in  w ith  fa r fewer 
incons is tenc ies. There were, however, s t i l l  some u n c e r ta in tie s  
abou t the assignments.
3.2.2 iH  n m r on salinom vcin and narasin.
The la te r w o rk  on these m a te ria ls  has a ll been concerned 
w ith  the  iR  spectra. These are more com plica ted th a n  the 
spectra  as the spectra l w id th  is m uch  sm alle r and the  spectra l 
com plexity  greater, due to the presence o f J  coupling . Th is m ean t 
th a t  these  have o n ly  been s tu d ie d  s ince  th e  a d v e n t o f 
s u p e rc o n d u c tin g  m agne ts  and F o u rie r T ra n s fo rm  (FT) n m r 
techniques. The f irs t  papers on sa linom ycin  and n a ras in  were by  
A n te un is  and Rodios in  1981. There were two stud ies  one o f 17- 
epi, deoxy(O -8 )sa lin o m yc in 2 0  and the o ther on sa linom yc in  and 
na ras in  themselves.
I t  had been shown th a t the con form a tion  o f the  c iy s ta llin e  
C (  1 7 ) - e p i m e r 2 2  was s im ila r  to th a t observed in  the  c ry s ta l 
s tru c tu re  o f s a l i n o m y c i n , 2 3  differences being seen in  on ly  fo u r o f 
the bond ro ta tions. NMR was used to see w hether th is  was ju s t  an 
effect o f the crys ta l packing or i f  i t  persisted in  the so lu tio n  state. 
I t  was seen th a t in  fact the n m r signals, except near the ep im eric 
cen tre , were fo r the m ost p a rt w ith in  0 . Ip p m  o f those seen in  
sa linom ycin . The sites where the largest differences are observed 
are  C (10)-H , C (12)-H , C (36)-H , M e(37), C (22 )-H , C (25 )-H ,
C (16)-H , C (18)-H , C (19)-H  and C (20)-H . The d iffe re n ce s  a t 
C(20)-H are due to  the loss o f the hydroxyl a t th is  site and those a t 
C(16)-H, C(18)-H, C(19)-H and C(22)-H to con fo rm a tiona l changes 
expected on é p im é ris a tio n . A n  in te re s tin g  fe a tu re  is  the
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difference a long the C(10) to C(12) stre tch  o f the m olecule. T h is  
shows th a t there is a large conform a tiona l change here w h ich  is 
possible due to the lack o f steric constra in ts. The change a t C(25) 
m ay echo the a b ility  to flex in  th is  area o f the m olecule as w ell. 
T h is  seems to say th a t the con form a tion  o f these ionophores is  
la rge ly  preset by the chem ical s tru c tu re . Th is  m eans th a t there 
are on ly  certa in  sites a t w h ich  conform a tional changes are possible 
to a llow  com plexa tion to occur.
The second paper was p u b lish e d  la te r th e  same yea r 
s tud y ing  na ras in  and sa linom ycin  as bo th  free acids and sod ium  
s a lts ^ i.  The conform a tion was determ ined by  m easurem en t o f the 
apparen t coup ling  constants. Th is  showed th a t the  con fo rm a tion  
was a lm o s t as seen in  the  c rys ta l s tru c tu re , the  o n ly  m a jo r 
d ifference be ing a ro ta tio n  abou t the C(24) to  C(25) bond. The 
o the r fac to r determ ined from  these data was the p o s itio n  o f the 
two "hinge" regions in  the molecule. These are the areas in  w h ich  
con form a tiona l change occurs by facile bond ro ta tions . The bonds 
are n o t prevented from  ro ta tio n  by  sub s tituen ts  on ne ighbouring  
carbon a toms. The two "hinge" regions iden tified  are the C(24) - 
C(25) bond m en tioned above and the C(10) to C(12) s tre tch  o f the 
m olecule. I t  is in  these areas th a t con fo rm a tiona l change m u s t 
occur to a llow  com plexa tion o f a cation. I t  is  in te re s tin g  to  note 
the  observed loss o f a c tiv ity  w hen th is  ketone is  reduced to  the 
a l c o h o l . 24 Th is  m ay be due to  an increase in  the  s te ric  crow d ing 
in  th is  area increasing the b a rrie r to ro ta tion , the reby decreasing 
the effic iency o f the com plexa tion procedure. A no the r exp lana tion  
fo r th is  loss o f ac tiv ity  is th a t th is  is  one o f the ca tion  b in d in g  sites 
in  the  m olecule, i t  is  possible th a t the hyd roxy l canno t com plex
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w here the  ketone can, due to the difference in  o rien ta tion . F rom  
the  C ircu la r D ich ro ism  stud ies m en tioned e a r l i e r , 2 5 . 2 6  i t  was seen 
th a t the  con form a tion  o f the an ion a t th is  site was d iffe ren t fro m  I
th a t  o f b o th  th e  com plexed and free ac id  fo rm s  o f these 
ionophores. D u r in g  the  course o f th is  w o rk  a ro m a tic  so lven t 
ind uced  s h if t  (ASIS) m easurem en ts were made. T h is  com pares 
th e  chem ica l s h ift va lues from  an arom a tic  solvent, in  th is  case 
benzene-dg , w ith  those o f an a lip h a tic  solvent; here CDCI3  was
used. The chem ical sh ifts  o f some resonances are seen to  move on 
th is  change o f so lvent. I f  th e y  move uphe ld  th e y  are fro m  a 4
lip o p h ilic  area and dow nfie ld  sh ifts  arise from  a h yd ro p h ilic  area.
The m agn itude  o f the  s h if t  represents the degree o f lip o p h ilic ity  
o r h y d ro p h ilic ity  o f the  site. In  th is  case the re su lts  showed th a t 
in  sod ium  sa linom ycin  there were 33 protons in  h yd ro p h ilic  areas 
and 29 in  lip o p h ilic  zones. The dow nfie ld  and u p he ld  sh ifts  
a lm ost balanced o u t show ing th a t the sod ium  sa lts  are v ir tu a lly  |
n e u tra l m em brane-carrie rs. The free acid showed s lig h t ly  less I
%overall lip o p h ilic ity  th a n  the sod ium  salt. The overall p a tte rn  was #
d iffe re n t from  th a t observed in  sm alle r ionophores in  th a t  there  
were two h yd ro p h ilic  areas. One o f these was a round  the (closed) 
h e a d -ta il p o rtio n  o f the  m olecule and the  o th e r in  the  ce n tra l 
p o rtio n  o f the  s tru c tu re  around 0(4), 0(8), 0 = 0  and C(18)=C(19).
In  the free acid th is  zone is som ewha t less pronounced.
The hinge areas o f na ras in  were fu r th e r stud ied  b y  Caughey 
e t a l.2  7 They app lied  two d im ens iona l n m r tech n iques  to  the 
assignm en t o f the iR  spectra in  a range of solvents. The tra n sp o rt 
o f ca tio n s  across m em branes invo lves passage th ro u g h  tw o  |
com ple te ly d iffe ren t environm en ts. The m em brane is a non  po la r 
h ig h ly  an iso trop ic  lip o p h ilic  phase whereas the io n  so lu tions  are 
po lar, iso trop ic  and lipophobic. The s tu d y  o f ca tion  com plexa tion  
shou ld  incorporate an investiga tion  o f the con form a tion  in  b o th  o f 
these types o f env ironm en ts . T h is  is w h a t was a ttem p ted  by  
C aughey e t a l w ith  the  e ffec t o f so lve n t p o la r ity  on th e  
con fo rm a tion a l e q u ilib riu m  be ing assessed. The so lvents used 
were cyclohexane, ch loroform , acetone and m e thano l a ll in  to ta lly  
deuterated form s. I t  was observed th a t the chem ical sh ifts  o f m ost 
sites were unaffected by solvent po la rity . However some o f the  
sites, spec ifica lly  C(10)-H, C(12)-H, C(13)-H, C(14)-H and C(25)-H 
showed large ( > 0.15 ppm) changes on going from  cyclohexane to 
m e thano l. These changes occured w ith  a large step be tween 
ch lo ro fo rm  and ace tone and a ll occu r in  the  areas p re v io u s ly  
described as "h inges " . 2 1  The con form a tion  was believed to be 
m ore ex tended in  a m ore p o la r en v iron m en t, s im ila r  to  the  
d iffe rences seen on ép im érisa tion  o f sa linom ycin . These da ta  
showed th a t the  con fo rm a tion  o f na ras in  acid is  dependent on 
so lven t p o la rity . Taken in  co n ju nc tio n  w ith  the CD data26 th is  
shows th a t na ras in  is an e ffic ien t protonophore. The m echanism  
fo r ca tio n  tra n s p o rt is  pH  dependent and, fo r exam ple, in  the 
c o n tro l o f E im e ria  (chap te r 1) and tra n s p o rt in  e ry th ro cy tes  
(chapter 2) i t  invo lves the  tra n s p o rt o f a lk a li m e ta l ions in  one 
d ire c tion  and protons in  the reverse d irection , so th is  is as w ou ld  
be expected.
The m ost recent pub lished  paper on the ^H n m r o f these 
com pounds was by Caughey et al in  1989.28 Th is was again a s tud y  
on na ras in  th is  tim e as the apo, free acid, sod ium  and po tass ium
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bound  form s. The spectra were taken using deuterated m e thano l 
as so lvent us ing  two d im ensional and nOe n m r techniques. The 
da ta  pub lished were a l is t  o f assignmen ts and coup ling  constants, 
as a f irs t  step in  the con form a tiona l analysis o f na ras in . I t  is o f 
in te res t to note th a t the observed values at specific sites v a iy  w ith  
the ca tion  present.
The IH  and I3 c  n m r spectra o f these two m a te ria ls  have thu s  
been assigned in  a range o f solvents and w ith  a range o f ca tions 
present. Changes in  the chemical s h ift can be seen a t certa in  sites 
in  the spectra. NMR is therefore a good too l fo r th is  type o f s tu d y  
and soon, as the fu n d  o f knowledge increases, an unam biguous  
con fo rm a tion  o f these m a te ria ls  in  so lu tion  shou ld  be ob ta ined. 
The prob lem  w ill then  to be to repeat the m easurem en ts in  an 
actua l lip id  bilayer.
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3.3_____ Results and  Discussion.
3.3.1 P repara tion and con firm a tion  o f sam ples.
NMR is  a very po w erfu l to o l fo r e lu c id a tin g  th e  chem ica l 
s tru c tu re  o f m olecules. I t  can also be used to s tu d y  con form a tions 
o f com plex m olecules in c lu d in g  p ro te ins w ith  m o le cu la r w eigh ts o f 
up  to  15,000 D altons. I f  the  conform a tions o f po lye the r a n tib io tic s  
can be de te rm ined  in  s o lu tio n , as b o th  free acids and c a tio n / 
ionophore com plexes th is  should he lp  provide an u n d e rs ta n d in g  o f 
the  fu n d a m e n ta l processes govern ing the com plexa tion  re a c tion . 
I f  the  con fo rm a tion a l differences be tween the  com plexed and free 
acid fo rm s o f the  ionophore can be e lucida ted the n  in fo rm a tio n  on 
the  in te rm e d ia te  processes can be ex trapo la ted  fro m  these data. 
Once the so lu tio n  state behaviour o f ionophores has been s tud ied  i t  
sho u ld  be possible to  investiga te  the  m ore com plex b e h av io u r a t 
the  so lu tio n /m e m b ra n e  in te rface . The fo llow ing  w o rk  is  a s tu d y  o f 
th e  ca tio n  com plexes o f n a ra s in  and sa lin o m ycin  in  ch lo ro fo rm  
so lu tion .
The f irs t step in  such a s tu d y  is  an assignm en t o f the  n m r 
spe ctra . A lth o u g h  on th e  scale o f p ro te in s  these are sm a ll 
m olecules, w ith  a m olecu la r w e igh t o f abou t 800D , the re  are s t ill 
over 40 and over 45 signa ls in  the  spectra, w ith  m any o f 
the  la tte r overlapping. Th is m akes the assignm en t o f the  spectra  a 
fa r from  tr iv ia l m a tte r.
In it ia lly  the  p ro to n  spectra  fo r a ll the  a lk a li m e ta l sa lts  o f 
b o th  ionophores and na ras in  acid, were stud ied and assigned. The 
sp e c tra  were a ll fu n d a m e n ta lly  s im ila r b u t th e re  w ere sp e c ific
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differences w ith  some peaks s h iftin g  by up  to  0.5  ppm  and m any 
ch a n g in g  th e ir  re la tiv e  p o s itio n s . The g e n e ra l m e th o d  o f 
ass ignm en t w as the  same in  a ll cases u s in g  COSY and NOESY 
spec tra  ob ta ined a t 500MHz.
The firs t th in g  to do was prepare sam ples o f the  a lk a li m e ta l 
sa lts  o f n a ra s in  and sa lin o m ycin . In  the  f ir s t  a tte m p t a t th is  
n a ra s in  acid was dissolved in  deu te ro -ch lo ro fo rm  and s tirre d  w ith  
so d iu m  c h lo rid e  c ry s ta ls  fo r an h o u r. T h is  p roved  to  be 
unsuccessfu l, b u t a d d itio n  o f a few drops o f w a te r to  the  m ix tu re  
and v ig o ro u s  s tir r in g  p roduced  th e  de s ired  p ro d u c t. T h is  
procedure  o f s tir r in g  a ch lo ro fo rm  s o lu tio n  o f ionophore  w ith  a 
sa tu ra te d  s o lu tio n  o f the desired m e ta l ch lo ride  w as used fo r a ll 
sam ples. The ch lo ro fo rm  so lu tio n  was the n  d rie d  th ro u g h  a p lu g  
o f th e  co rre sp o n d in g  a n h yd ro u s  m e ta l ca rbon a te , w h ic h  also 
ensured com ple te  n e u tra lis a tio n  o f the acid . T h is  m e thod  was 
su cce ss fu l fo r a ll th e  sa lts  except lith iu m  n a ra s in . In  the  
p re p a ra tio n  o f the  sa lino m ycin  sa lts  the on ly  d iffe rence  w as th a t 
the  s ta rtin g  m a te ria l was the  sod ium  sa lt ra th e r th a  the  free acid . 
T h is  is  g re a tly  favo u re d  over cæ sium  and lith iu m  b u t th e  
e q u ilib riu m  was forced by the  m uch h ig h e r co n ce n tra tio n  o f the  
la tte r  in  th e  m ix tu re , ca 5g o f ch lo rid e  to  50m g o f so d iu m  
sa linom ycin .
A lth o u g h  d is tin c tly  d iffe re n t n m r spectra  were ob ta ined  fo r 
each s a lt i t  was im p o rta n t to  show  th a t the  m a te ria ls  prepared 
were w h a t the y were th o u g h t to  be. Th is was trie d  in  a nu m be r o f 
w ays. The f ir s t  a tte m p t was u s in g  a tom ic a b so rp tio n . I f  the  
m a te ria l was a 1 :1  com plex th e n  a tom ic a b so rp tio n  experim en ts  
on a s tandard  so lu tio n  shou ld  show th is . The con cen tra tio n  o f the
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a lk a li m e ta l in  a so lu tio n , m easured by a tom ic ab so rp tion , sho u ld  
m a tch  the know n concen tra tion . The problem  w ith  th is  approach 
la y  in  the  a lm o s t com ple te  la c k  o f w a te r s o lu b ility  o f these 
m a te ria ls . T h is  m ean t th a t the  so lu tio n s  had to  be m ade u p  in  
aqueous m e thano l, from  50% m e thano l fo r the lith iu m  s a lt to  1 0 % 
m e th a n o l fo r cæ sium . T h is  d is ru p te d  th e  c a lib ra tio n  o f th e  
sp e c tro m e te r le a d in g  to  n o n -re p ro d u c ib le  re s u lts . The da ta  
showed th a t the desired ca tion  was present in  each case b u t d id  
n o t prove the presence o f a 1 :1  com plex.
The second m e thod trie d  was C ,H  m icro ana lys is . T h is  was 
tr ie d  on th re e  sa lts  o f s a lin o m yc in  ( lith iu m , p o ta ss iu m  and 
cæ sium , a fte r evaporation o f the  CDCI3 ) w ith  the  re su lts  show n in
Tab le  3 -1 . T h is  show s th a t th e  va lues w ere close to  those  
expected b u t n o t w ith in  the  accepted lim its  fo r su ch  analyses. 
T h is  again is  n o t p ro o f o f a 1:1 com plex w ith  the  co rre c t ca tio n . 
The low  carbon va lue is  con s is ten t w ith  sm a ll am oun ts  o f CDCI3 
and o r HgO re m ain ing  in  the  m a te ria l.
Table 3-1 . The a c tu a l and th e o re tica l va lues ob ta ine d  fro m  the  
m icroanan lysis o f the sa lts  o f sa linom ycin.
LiSL KSL CsSL
T h eo re tica l C arbon (%) 6 6 . 6 63 .9 57.1
A c tu a l C arbon (%) 65 .93 57 .7 54 .52
T h e o re tica l H ydrogen (%) 9.19 8.81 7 .88
A c tu a l H ydrogen (%) 9.37 8 .84 8 .0 6
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A  com ple te ly d iffe re n t approach was the n  used : try  to  m ake 
w h a t w ou ld  be expected to  be the  m ost d iffic u lt s a lt to  fo rm , in  
th is  case cæ sium  n a ra s in  was chosen, by a com p le te ly  d iffe re n t 
ro u te . I f  th e  n m r spe ctra  are the  same th e n  th is  is  s tro n g  
evidence th a t the  m e thod o f p repa ra tion  o f the  sam ples was va lid . 
The f irs t a tte m p t a t th is  was by ru n n in g  n a ras in  acid  in  m e thano l 
dow n a cæ sium  charged ca tio n ic  exchange co lum n, also m ade up  
in  m e thano l. The so lu tio n  w h ich  emerged fro m  the  bo ttom  o f the 
co lu m n  was evaporated and the  p ro d u c t, a p u rp le  so lid , was 
d isso lved in  CDCI3 . A  iH  spectrum  showed th a t th is  was n o t the
desired p roduct, and was n o t in  fac t a narasin  deriva tive  a t a ll. The 
ke ta l fu n c tio n s  in  the m olecule are acid sensitive, so i f  the  co lum n 
had n o t been fu lly  n e u tra lised  from  the p ro to n  form , h yd ro lys is  o f 
these fu n c tio n s  w ou ld  be expected.
The fin a l, su cce ssfu l, approach was u s in g  a t itr im e tr ic  
m e thod w ith  the  n m r spectrom e te r ac tin g  as a ra th e r expensive 
in d ic a to r. T h is  was achieved by d isso lv in g  a kno w n  a m o u n t o f 
n a ra s in  acid in  CDCI3  and p lacing  the so lu tio n  in  an n m r tube . A
standa rd  so lu tio n  (0.2M) cæ sium  hydroxide so lu tio n  was prepared 
b y d ilu tin g  ca 6 M  cæ sium  hydroxide so lu tio n  w ith  D^O  to  reduce
the  in te rfe rence  o f the w a te r peak. A  spectrum  was take n  in it ia lly  
and th e n  a liq o u ts  o f the  cæ sium  hydroxide s o lu tio n  were added. 
The a liq u o ts  o f so lu tio n  added were 5 0 |il, 20p l, 2 0 |il, lO p l, 2 0 jil 
and 20|uil, the n a ras in  present was equiva lent to  lO O jil o f the  added 
s o lu tio n , so the  n e u tra lis a tio n  was take n  w e ll p a s t equiva lence. 
The fin a l s o lu tio n  was d ried  over cæ sium  carbona te  and a fin a l 
spectrum  taken.
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The re s u ltin g  iH  spectra  are shown in  F igures 3-9  to  3 -12 
in c lu d in g  the  e n tire  spe ctra  o f the  s ta rtin g  (F igure  3 -9 ), h a lf 
n e u tra lise d , (F igure 3-10), fin is h in g  p roducts  (F igure  3-11) and 
cæ sium  na ras in  prepared by the u su a l m e thod. F igure 3-12. There 
are also expansions o f the  o le fin ic  regions o f the  spectra  fo r each 
p o in t d u rin g  the  titra tio n , these are tw o signa ls w h ich  move b y  a 
la rge a m oun t and are easy to  id e n tify . F igure  3 -13 . D u rin g  the  
n e u tra lis a tio n  process ce rta in  lines are seen to  broaden and move 
e.g. C (19)-H , C (33)-H  and C(7)-H. These are a ll peaks w ith  ve ry  
d iffe re n t p o s itions  in  the  spectra  o f the  free acid and the  cæ sium  
sa lt. T h is  b roaden ing  is p ro b a b ly  due to  a dyn am ic exchange 
process w ith  the  cæ sium  ions exchanging be tw een m olecules o f 
the  free acid  and cæ sium  n a ra s in  o r be tw een d iffe re n t b in d in g  
sites in  the  same m olecule. Th is process can be used to  s tu d y  the 
k in e tic s  o f th e  com plexa tion  process, s im ila r s tu d ie s  have been 
ca rrie d  o u t fo r fo r a num ber o f io n o p h o re /ca tio n  p a irs .29 Once 
com ple te n e u tra lis a tio n  had occurred, a t 1:1 CsOH : n a ra s in  the  
lin e s  sharpened and moved no fu rth e r. Th is is  s u ffic ie n t evidence 
th a t the  sam ples prepared u s in g  o u r m e thod are th e  expected 
salts.
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F igure  3-9. The n m r spectrum  o f n a ra s in  acid  before the  
a d d itio n  o f CsOH.
J A jl .
, , , I I 1 - L - L  . . 1 . 1 . 0eV 5 0 . 01.52 . 5 2. 03. 03 . 55 . 0 4. 5 4. 05. 5
F ig u re  3 -10 . The n m r spe ctrum  o f n a ra s in  ac id  a fte r th e  
a d d itio n  o f 50% CsOH.
5 0,01 . 01.54.0 3. 0 2 . 5 2 . 03 . 55. 05 0
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F ig u re  3 -11 . The sp e c tru m  o f n a ra s in  a c id  co m p le te ly  
neu tra lised  w ith  CsOH.
I I4. 5 l_L. I... I. ,1 0 . 0■I .1 1.0 J5 0 5 5 5 . 0 3 . 5 3 . 0PPM a.5 2 .0 5
F igure  3-12. The spectrum  o f Cæ sium  n a ras in  ob ta ined b y  the 
usu a l m e thod.
2 . 5
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Figure 3-13. An expansion of the  vinylic region of the  sp ec tru m
of n a ra s in  during  the  titration.
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3.3 .2  A ssignm ent of the and  spectra.
On lo o k in g  a t the  s tru c tu re  o f n a ra s in  and sa lin o m yc in  
(F igure 3-14) i t  can be seen th a t there are seven d is tin c t cha ins o f 
ad ja ce n t carbon  a tom s w ith  a ttached  p ro to n s  and one s in g le t 
m e th y l. The ass ig n m e n t cons is ted  o f id e n tify in g  one o f the  
p ro tons by chem ica l s h ift and u tilis in g  the hom onuclear coup lings 
in  the  COSY spectrum  to  step along the cha ins o f co n n e c tiv ity . 
Some o f them  fa ll o u t re a d ily  such as C(18)-H, C (19)-H  and 0(20)- 
H, the  on ly  o le fin ic  s ite  in  the  m olecule. C(29)-H and C(30)-H  also 
drop o u t as th is  is  the  on ly  e theric  p ro ton  ad jacen t to  a m e thy l. 
The o ther obvious signa l is  the s ing le t due to Me33.
OH
20 %OH
R=H Salinomycin 
R=CHa Narasin
LoV^ria 
41,(42) 42,(43)
F igure  3-14. The s tru c tu re s  o f sa linom ycin  and n a ra s in  show ing 
the num bering  system  used in  the assignm en ts.
The m ost extended regions o f co n n e c tiv ity  in  the  m olcu les 
are a t th e  “ le ft-h a n d ” end o f the  m olecu le  n e a re s t to  th e  
ca rboxy lic  acid group. The key signals to assign ing  th is  area are 
the  3 p ro ton s a t 2 .6 to  2.95 ppm  a ttrib u ta b le  to  s ites ad jacen t to  
carbonyls. One o f these, C(10)-H , shows a v ic in a l co u p lin g  to  a 
m e thy l enab ling  its  id e n tifica tio n . Th is gives one end o f the  ch a in
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w h ich  can be follow ed to C(7)-H and on to C(2)-H. B y e lim in a tio n , 
th e  unass igned  s ig n a l m u s t be due to  C (12)-H  a llo w in g  the  
assignm en t o f the  C(12) to  C(16) fragm en t. C (25)-H  is  now  the  
o n ly  unassigned peak above 3ppm  w h ich  leads to  assignm en t fo r 
C (26)-H  and C(27)-H. E t(31, 32) is assigned by e lim in a tio n  as are 
C (22)-H  and C(23)-H  to  fin is h  the gross assignm en t.
The NOESY spec tra  were u se fu l to s tu d y  the  areas w h ich  
cou ld  n o t be un am b iguous ly  assigned sole ly re fe rrin g  to  the  COSY 
spectra. The corre la ted (XHCORD) spectra  ob ta ined  la te r
a lso  he lped  to  assign some p ro to n  resonances b y  p ro v id in g  
separa tion  in  a second d im ension . O ften the re  were tw o o r m ore 
resonances from  nearby p ro tons a t very s im ila r chem ica l s h ift fo r 
exam ple C(14)-H  and C(16)-H e xh ib it very s im ila r s h ifts . One area 
fo r w h ich  the NOESY and XHCORD were u se fu l was C (18)-H  and 
C (19)-H . These tw o resonances form ed an AB q u a rte t and b o th  
showed s im ila r co u p lin g  to  C(20)-H . However the  NOESY cross 
peaks enabled them  to  be unam biguously assigned, w h ich  cou ld  be 
co n firm e d  by  the  C -H  c o rre la tio n  e xp e rim e n ts . A  s im ila r  
p rocedure  was requ ired  to separate the resonances fro m  C (22)-H  
and C{23)-H.
The assignm en t becam e easier w ith  p rac tice  as th e  cross 
peaks be tween the  resonances tended to  lo o k  s im ila r in  a ll the  
sa lts  enabling  the  easy id e n tifica tio n  o f read ily  confusable peaks.
The assignm en t was achieved u s in g  XHCO RD, W ALTZ 
and DEPT da ta . T h is  was a re la tiv e ly  s im ple  process fo r the  
carbons w ith  bonded p ro tons, ju s t reading o ff the  resonance 
u s in g  the p ro to n  signals fo r id e n tifica tio n . There are, however, s ix
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q u a te rn a ry  carbons w h ich  are m ore d iffic u lt to  assign. The tw o 
carbonyls can be assigned by chem ical s h ift alone b u t a d iffe re n t 
s tra te g y  m u s t be used fo r the  o thers. A  COLOC expe rim e n t on 
po tass ium  sa lino m ycin  gave C(24), by  a co rre la tio n  w ith  C (33)-H  
and hence b y  e lim in a tio n  C(28), w ith  the  ass ignm en ts  fo r the  
o th e r sa lts  b y  ex trapo la tion . Th is was no help however fo r the  tw o 
aceta l carbons. A  fu rth e r COLOC on lith iu m  sa lino m ycin  showed a 
d iffe re n t cross peak. T h is  tim e the re  was a co rre la tio n  be tw een 
C (19)-H  and a resonance a t -  107ppm . Th is is  Inconclusive  so the 
assignm en t o f Seto e t a l. i^  fo r these tw o resonances is  ta ke n  as 
co rre c t. They, assigned these resonances on th e  bas is  o f th e  
d iffe rences be tw een sa lin o m yc in  and 20 -de oxysa lino m ycin . The 
signa l a t 106.4ppm  was seen to  move by a large am oun t w h ils t th a t 
a t 99 .2ppm  was a lm ost in va ria n t. Th is was taken  to  show  th a t the  
fo rm e r was C(21) and the  la tte r C(17). Exam ples o f th e  above 
sp e c tra  are show n in  F igu res 3 -15  (IH ), 3 -1 6  (COSY), 3 -17  
(NOESY), 3-18(130), 3 -19 (XHCORD).
The chem ica l sh ifts  o f ce rta in  atom s were observed to  v a iy  
w ith  ca tion  w h ils t fo r o ther atom s they are a lm ost constan t. These 
v a ria tio n s  show  w here the la rgest changes in  co n fo rm a tio n  occu r 
on com plexa tion  w ith  d iffe re n t ca tions. Once the  areas w h ic h  
a lte r have been in d e n tifie d , a g rea te r u n d e rs ta n d in g  o f th e  
m o le c u la r re c o g n itio n  and io n  s e le c tiv ity  p ro p e rtie s  o f these 
m a te ria ls  sho u ld  be possible. I f  the a c tu a l con fo rm a tion s  o f the  
com plexes w ith  d iffe re n t io n s  can be d e te rm in e d , th e n  th e  
reasons fo r the  observed se le c tiv itie s  sho u ld  be id e n tifia b le . In  
th is  s itu a tio n  c a lc u la tio n  o f the  energy d iffe re n ce s  be tw en  
com plexes shou ld  be re la tive ly  facile , enabling the  io n  preferences
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Figure 3-15. The spectrum  of potassium  narasin .
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F igure  3 -16 . An expanded  region of th e  COSY sp e c tru m  of
rub id ium  salinomycin.
RUBIDIUM SALINOMYCIN
*
H r
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F ig u re  3 -17 . A n  expanded reg ion o f the  NOESY sp e c tru m  o f 
sodium  narasin .
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F igure  3-18 . The spectrum  o f lith iu m  sa lin o m yc in  ob ta ined  
w ith  W ALTZ-16 decoupling.
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F igure  3-19. An expanded region of the  XHCORD sp e c tru m  of
sodium  salinom ycin.
SODIUM SALINOMYCIN 13C/1H CORRELATION
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to  be q u a n tifie d  a t a m o le cu la r level. In  th is  w ay th e  design o f 
m ore io n  se lective  ionophores sh o u ld  be po ss ib le  on a m ore 
reasoned basis th a n  tr ia l and e rro r. A reas w here a  g rea te r, o r 
lesser, degree o f fle x ib ility  in  the  m olecule w ou ld  be advan tageous 
can be id e n tifie d  and the requ ired  ad justm en ts  m ade.
T h is  and the  preced ing w o rk  is  a s ta rt on th is  road . The 
"h in ge " areas, w here the  m o le cu la r f le x ib ility  lie s , have been 
id e n tifie d  and the  effect o f d iffe re n t ions on the  chem ica l s h ifts  o f 
these s ites s tud ied . There are com pu te r program m es ava ilab le  to  
ca lcu la te  s tru c tu re s  fro m  observed n m r d a ta  su ch  as co u p lin g  
co n s ta n ts  and n u c le a r O verhauser e ffects.30 The a p p lic a tio n  o f 
such  a program m e to  th is  p roblem  shou ld  be h ig h ly  in fo rm a tive  
b u t u n fo rtu n a te ly  beyond the  scope o f th is  w ork. The da ta  in  th is  
th e s is  is  s u ffic ie n tly  good to  show  th a t changes o ccu r in  th e  
con fo rm a tion  o f these m olecules and p a rtia lly  to  exp la in  them . To 
o b ta in  m ore in fo rm a tio n  the  use o f so p h is tica te d  so ftw a re  and 
po w erfu l com pu te rs w ill be requ ired .
In  th e  fo llo w in g  e xp la n a tio n s  o f th e  tre n d s  seen in  th e  
ch e m ica l s h ifts , re s u lts  fo r sa lin o m yc in  ac id  fro m  p re v io u s ly  
p u b lishe d  papers have been used. The values used were those 
ob ta ined  b y  A n te u n is  and R od ios^i in  th e ir s tu d y  o f th is  species. 
The 13c va lues were those o f Seto e t a l. i^  corrected to  a llo w  fo r 
po ss ib le  m isassignm en t. In  th is  case w h a t I believe to  be th e  
co rre c t va lue  fo r the  resonance, fro m  th e ir p u b lish e d  da ta , has 
been used. The assignm en ts are given in  Tables 3-2 to  3-5.
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Table 3-2. The iH  chem ical shifts of the  alkali m etal com plexes of
salinom ycin
Atom H * Li Na K Rb Cs
2 2.90 2,71 2.85 2.86 2.83 2.94
3 3.98 4.05 3.93 3.85 3.85 3.89
4d 1.93 1.85 1.89 1.89 1.88 1.92
4u 1.41 1.42 1.37 1.40 1.42
5d 1.60 1.84 1.88 1.95 1.93 1.89
5u 1.34 1.45 1.47 1.45 1.38
6 1.83 1.77 1.78 1.82 1.80 1.867 3.64 3.69 3.68 3.73 3.79 3.92
8 1.47 1.47 1.45 1.48 1.48 1.549 4.16 4.32 4.20 4.29 4.28 3.96
1 0 2.75 2.72 2.68 2.65 2.60 2.641 2 2.63 2.74 2.65 2.64 2.60 2.591 3 3.88 3.48 3.55 3.62 3.70 3.98
1 4 1.72 1.71 1.71 1.72 1.70 1.67
15d 1.61 1.70 1.68 1.65 1.62 1.6215u 1.09 1.15 1.14 1.14 1.13 1.091 6 1.71 1.69 1.70 1.74 1.72 1.68
1 8 5.98 6.05 5.99 6.15 6.13 6.33
1 9 6.03 5.95 6.05 6.07 6.05 6.20
20 3.98 4.10 4.05 4.00 3.99 4.0622d 2.40 2.27 2.31 2.41 2.36 2.2822u 2.09 2.00 1.92 1.97 2.10 1.82
23d 2.23 2.00 1.95 1.89 1.88 1.97
23u 1.84 1.90 1.88 1.89 1.80 1.88
25 3.93 3.47 3.40 3.42 3.45 3.30
26d 1.54 2.25 2.25 2.09 2.05 2.10
26u 1.62 1.44 1.35 1.35 1.40 1.33
27d 1.77 1.70 1.67 1.68 1.70
27u 1.52 1.49 1.50 1.48 1,51
29 3.83 4.35 4.28 4.15 4.05 3.93
30 1.24 1.23 1.23 1.21 1.21 1.19
31d 1.39 1.31 1.28 1.33 1.39 1.4031 u 1.32 1.31 1.28 1.33 1.33 1.3332 0.89 0.92 0.90 0.89 0.92 0.94
33 1.48 1.71 1.69 1.64 1.56 1.62
34 0.70 0.70 0.70 0.72 0.72 0.69
35 0.90 0.87 0.85 0.93 0.95 0.90
36d 1.93 1.98 1.90 1,94 1.94 1.93
36u 1.39 1.33 1.32 1.35 1.37 1.37
37 0.76 0.78 0.70 0.77 0.76 0.77
38 0.81 0.87 0.85 0.83 0.82 0.79
39 0.72 0.72 0.70 0.70 0.70 0.73
40 0.94 0.92 0.92 0.93 0.93 0.98
41d 1.54 1.48 1.49 1.48 1.46 1.4941 u 1.40 1.31 1.26 1.25 1.21 1.2142 0.95 1.00 0.96 0.93 0.95 0.97
* These values are from  the  paper o f A n teun is  and R od ios.^ i 
d. is  the  dow nfie ld  pro ton , u , is  the upheld  p ro ton .
147
Table 3-3. The chem ical shifts of the alkali m etal com plexes of
salinom ycin.
Atom H * Li Na K Rb Cs
1 177.2 185.20 184.85 184.06 183.21 1 82.362 48.9 52.81 51.10 51.76 51 .20 49.563 74.9 76.79 75.98 75.72 76.00 76.564 20.1 20.38 19.86 20.02 19.97 20.42
5 26.4 27.71 26.89 26.53 26.36 26.276 28.0 28.48 28.04 27.98 28.03 28.247 75.23 71.18 71.37 71.25 71 .06 71.43
8 32.6b 34.98 35.86 36.28 36.30 36.36
9 68.7 67.10 68.00 67.92 67.78 68.211 0 49.2 51.53 49.71 48.82 48.88 49.781 1 214.5 218.96 218.06 215.21 215.28 215.141 2 56.5 55.73 55.89 55.26 55.48 56.241 3 71.73 74.53 75.54 76.40 76.13 74.88
1 4 36.5b 32.37 32.43 32.79 33.02 33.17
1 5 38.6 38.92 38.67 38.35 38.16 38.751 6 40.7 40.22 40.55 41.40 41 .54 41.56
1 7 99.2 98.56 98.89 99.96 99.97 99.86
1 8 121.6 122.10 122.11 121.92 122.04 123.42
1 9 132.4 130.94 133.61 133.06 133.35 132.64
20 67.2 66.79 66.62 67.46 67.78 66.9621 106.4 107.31 106.98 107.82 107.68 107.49
22 36.2 37.86 36.85 34.70 35.36 35.14
23 30.2 32.11 32.52 32.67 32.77 33.46
24 88.5 88.54 88.47 88.57 88.29 87.6325 73.7 75.47 74.71 74.01 73.84 74.9626 21 .9 20.38 1 9.86 19.25 1 9.31 19.9527 29.3 30.44 29.36 28.04 27.90 28.88
28 70.9 70.13 70.25 71.25 71 .20 71 .43
29 77.2 77.39 76.56 76.50 76.81 76.56
30 14.5 14.61 14.63 14.68 14.67 14.90
31 30.6 32.06 32.21 32.06 31 .74 31.9632 6.3 6.74 6.50 6.19 6.16 6.77
33 25.8 27.69 27.59 27.71 26.84 27.9034 I 7 .9C 15.80 15.85 15.59 15.60 15.75
35 15.6C 17.09 17.57 18.11 18.31 1 8.28
36 22 .7b 16.00 15.55 15.85 15.94 16.41
37 11.93 12.93 13.15 13.22 13.22 13.61
38 12.8 11.92 12.05 12.43 12.60 12.75
39 7.0 7.12 6.75 6.64 6.71 7.14
40 11.2 12.10 10.74 10.98 11.24 12.21
41 16.6b 22.88 23.56 24.17 23.79 23.08
42 13.23 12.77 12.44 12.26 12.30 12.94
* These values are from  the paper o f Seto e t a ll®  and are given 
here as published. we believe these pa irs o f values shou ld  be 
exchanged.
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Table 3-4. The iH  chem ical sh ifts of the  alkali m etal com plexes of
narasin .
Atom H Na K Rb Cs
2 2.77 2.80 2.78 2.75 2.783 3.91 3.82 3.80 3.79 3.82
4 2.27 2.28 2.27 2.27 2.27
5d 1.72 1.79 1.82 1.84
5u 1.45 1.40 1.39 1.37 1.366 1.89 1.83 1.84 1.83 1.86
7 3.61 3.74 3.73 3.80 3.87
8 1.49 1.45 1.45 1.45 1.48
9 4.16 4.26 4.28 4.28 4.201 0 2.78 2.67 2.63 2.60 2.641 2 2.62 2.69 2.61 2.59 2.60
1 3 3.86 3.50 3.64 3.70 3.821 4 1.74 1.72 1.72 1.71 1.68
15d 1.64 1.64 1.63 1.63
1 5u 1.11 1.14 1.14 1.14 1.09
1 6 1.72 1.72 1.75 1.75 1.70
1 8 6.05 6.05 6.05 6.04 6.11
1 9 6.01 6.00 6.11 6.09 6.18
20 3.97 4.04 3.98 4.00 4.03
22d 2.39 2.34 2.41 2.36 2.31
22u 2.06 1.87 2.00 2.15 1.9623d 2.24 1.98 1.87 1.89 1.88
23u 1.83 1.87 1.87 1.76 1.8825 3.89 3.40 3.43 3.46 3.40
26d 1.65 2.11 2.06 2.01 2.03
26u 1.52 1.36 1.37 1.43 1.39
27d 1.63 1.70 1.68 1.70 1.69
27u 1.63 1.47 1.50 1.49 1.53
29 3.84 4.32 4.15 4.09 3.90
30 1.23 1.26 1.22 1.21 1.20
31 1.35 1.30 1.32 1.35 1.32
32 0.89 0.90 0.90 0.93 0.91
33 1.47 1.78 1.63 1.55 1.5734 0.70 0.72 0.73 0.72 0.72
35 0.91 0.89 0.93 0.95 0.93
36d 1.95 1.94 1.95 1.95 1.92
38u 1.38 1.33 1.34 1.36 1.39
37 0.77 0.76 0.77 0.77 0.77
38 0.83 0.87 0.83 0.82 0.84
39 0.75 0.70 0.71 0.70 0.71
40 0.94 0.91 0.92 0.92 0.92
41 0.90 0.89 0.89 0.90 0.92
42d 1.63 1.67 1.62 1.60 1.54
42u 1.63 1.53 1.56 1.54 1.54
43 0.92 0.92 0.88 0.88 0.89
d, is the  dow nfie ld  p ro ton , u , is  the  upheld  p ro ton .
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Table 3-5. The i^ c  chem ical shifts of the  alkali m etal com plexes of
narasin
Atom H Na K Rb Cs
1 177.70 184.65 184.08 183.01 182.03
2 49.83 51.21 51.42 51.24 50.78
3 77.97 79.08 79.18 79.49 79.92
4 28.15 28.56 28.46 28.61 29.05
5 35.65 36.33 36.05 35.91 35.77
6 28.94 29.15 29.26 29.26 29.43
7 72.74 71.62 71.41 71.28 71 .13
8 36.02 36.02 36.40 36.43 36.57
9 68.75 68.57 68.29 68.15 68.29
1 0 49.50 49.38 48.81 48.95 49.16
1 1 216.20 217.70 215.79 215.15 214.94
1 2 56.27 55.83 55.40 55.57 55.82
1 3 73.73 75.99 76.40 76.13 77.02
1 4 32.83 32.48 32.77 33.03 33.35
1 5 38.76 38.72 38.30 38.09 38.55
1 6 40.95 40.70 41.33 41.40 41.53
1 7 99.61 99.24 99,91 99.94 99.88
1 8 122.35 122.24 122.03 122.17 122.86
1 9 132.35 130.94 132.96 133.34 132.78
20 67.74 66.49 67.57 67.94 67.15
21 106.62 107.31 107.71 107.47 107.44
22 36.48 35.60 34.94 35.50 35.41
23 30.33 32.66 32.55 32.69 33.1524 88.62 88.37 88.57 88.30 87.91
25 75.57 75.16 73.90 73.69 74.46
26 22.11 19.97 19.23 19.31 19.67
27 29.28 29.36 27.67 27.66 28.83
28 71.07 70.48 71.52 71.49 71.25
29 77.14 77.06 76.75 76.93 75.53
30 14.30 14.88 14.63 14.69 14.74
31 30.67 32.20 31.93 31.67 31 .62
32 6.33 6.49 6.18 6.18 6.38
33 25.71 28.20 27.43 26.61 27.35
34 15.69 15.74 15.57 15.54 15.71
35 17.89 17.54 18.13 18.29 18.37
36 16.58 15.60 15.77 15.98 16.2937 13.19 13.10 13.1 8 13.21 13.38
38 13.07 12.43 12.47 12.65 13.00
39 7.37 6.86 6.78 6.90 7.19
40 12.74 11.64 11.79 12.07 12.50
41 18.33 19.41 19.76 19.73 1 9.83
42 23.63 24.82 25.07 24.55 23.95
43 12.09 12.65 12.47 12.55 12.76
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3 .3 .3  C o n fo rm a tio n a l v a r ia tio n s  id e n tifie d  b v  changes in  
chem ical s h ift.
As has been stressed before, sa linom ycin  and n a ra s in  have 
ve ry  s im ila r s tru c tu re s , d iffe rin g  o n ly  in  the  presence o f a m e th y l 
g roup  a t C(4). I t  is  th is  group there fore  w h ich  m u s t cause any 
d iffe rences in  the  se le c tiv ity  o r tra n s p o rt p ro p e rtie s  e xh ib ite d  b y  
these m a te ria ls . I t  is  in  the  v ic in ity  o f th is  group th a t one w ou ld  
expect the  greatest d ifferences to  be seen be tween the  behaviours 
o f sa lin o m yc in  and n a ras in . I f  a m olecu la r m odel is  co n stru c te d  
th e n  one sees th a t a c is -m e th y l s u b s titu e n t on C(4) h in d e rs  the  
ro ta tio n  a b o u t th e  C(2)-C(3) bond. T h is  is  borne  o u t b y  th e  
evidence in  b o th  the  iH  and i^ c  spectra. In  the  p ro to n  spectrum  
fo r sa lin o m yc in  the  chem ica l s h ift due to  C (2)-H  is  observed to  
decrease b y  0 .2  ppm  on com plexa tion w ith  lith iu m . The va lue  is 
th e n  seen to  increase along the  series o f a lk a li m e ta ls u n til i t  has 
re tu rn e d  to  ro u g h ly  its  o rig in a l p o s itio n  in  the  cæ sium  sa lt. W ith  
n a ra s in  the  observed change is  on ly  very sm all, O.OSppm, across 
th e  e n tire  sequence. In  the  ch e m ica l s h ifts  a s im ila r
d iffe re n ce  o f b e h a v io u r is  observed. In  b o th  casés th e re  is  a 
change in  the  chem ical s h ift on com plexa tion b u t i t  is  m uch  la rg e r 
fo r sa linom ycin  th a n  na ras in , 3.9ppm  as opposed to  1.4ppm . A fte r 
th is  a 3 .3ppm  increase is  observed along the series fo r sa lino m ycin  
w ith  the  n a ra s in  chem ical s h ift rem ain ing  v ir tu a lly  constan t. As in  
the  spectra  the  la rgest changes observed Eire fo r the  free acid  
and cæ sium  sa lt. These values show th a t these tw o species requ ire  
th e  g rea test co n fo rm a tio n a l re o rg an isa tion  a t th is  s ite . I t  is  o f 
in te re s t to  note the  s im ila r ity  be tween the  chem ica l s h ifts  fo r th e  
acid  and cæ sium  com plexes a t th is  s ite  in  bo th  and spectra.
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T h is m ay m ean th a t the  conform a tions o f these species a round  th is  
s ite  are s im ila r.
The ea rly  w o rk  inc luded  m easurem en ts o f T^ re la xa tio n
tim es o f th e  s igna ls  in  the  spectra . O f in te re s t w as C(41) in  
n a ra s in  w h ich  was seen to re lax  w ith  ab norm a lly  ra p id ity , the  T^
be ing  m ore lik e  those o f the  m e thylene groups th a n  the  o th e r 
m e thy ls . T h is  was a ttrib u te d  to  the  m e thy l be ing preven ted fro m  
ro ta tin g  by a p ro to n  on C(42), F igure 3-8. T h is  w ou ld  b rin g  these 
p ro to n s  in to  ve ry  close p ro x im ity  and w o u ld  be expec ted to  
produce a large NOESY cross peak. No such peak was observed in  
any o f ou r spectra so possibly th is  reasoning is inco rrec t.
In  th is  p o rtio n  o f the  m olecule the  o ther atom  fo r w h ich  the 
chem ica l s h ift varies is C (l). T h is  is the  carbon o f the  ca rboxy lic  
ac id  g roup  and as such  w o u ld  be expected to  be co n s id e ra b ly  
affec ted b y  the  ca tio n  present. A  large increase in  chem ica l s h ift 
o f over 7 .0  ppm  is  seen fo r b o th  sa lin o m yc in  and n a ra s in  on 
com plexa tion . The exam ina tion  o f tables o f chem ica l s h ift d a ta ^ i 
shows th a t th is  is  a typ ica l va lue fo r the  d iffe rence  be tw een the  
a c id ic  and an io n ic  form s o f a carboxyl group. There is  a fu rth e r 
m arked  decrease, over 2 .5ppm , across the  re s t o f the  series o f 
a lk a li m e ta l ions. T h is change m ay be due to  the d iffuseness o f the 
charge on th e  m e ta l ion . I f  th is  were the  case the  d iffe ren ce  
be tw een the  lith iu m  and sod ium  com plexes w ou ld  be expected to 
be the  greatest, n o t the least as is  seen here. T h is  is  evidence th a t 
th is  s ite  is  n o t d ire c tly  b o u n d  to  the  com plexed io n . The 
anom alous differences observed m ay be due to  o rie n ta tio n  effects 
w ith  th e  ca tio n  com plexed a t s ites  rem o te  fro m  th e  a n io n ic  
centre , w ith  o the r groups m asking the charge.
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Two "hinge" regions have been id e n tifie d  in  the  m olecule. 
These are areas w here the  ske le ton  is  fle x ib le  and can a lte r to  
accom m oda te  d iffe re n t sized io n s , as w e ll as e n a b lin g  th e  
m olecu les to  "w rap" them selves a roun d  the  ca tio n  d u rin g  th e  
com plexa tion  process. In  sa lino m ycin  and n a ra s in  these "h inge" 
regions are located a t e ith e r end o f the rig id  d isp iro ke ta l m oie ty  in  
the  m olecu le . T h a t th e re  are co n fo rm a tio n a l changes in  th e  
m olecules a t these sites can be seen from  the chem ica l s h ift da ta. 
I t  is  in  these areas th a t the la rgest changes occur w hen the bound  
ca tion  is  changed.
The s im ple r o f these regions to s tu d y  is a t C(24) to C(25) as 
on ly  one carbon - carbon bond is  involved. In  the  spectra  very 
s im ila r b e h a v io u r is  seen in  th is  area fo r b o th  n a ra s in  and 
sa lino m ycin . On com plexa tion there is  an increase o f ca. O.Bppm 
fo r C (25)-H , an increase o f ca. O.Sppm fo r one o f the  p ro ton s  on 
C(26) and an increase a t Me(33) o f ca 0.2ppm  in  sa lin o m ycin  and 
0.3ppm  in  n a ra s in . These changes m u s t re fle c t la rge changes in  
the  co n fo rm a tion  on com plexa tion  b u t in te re s tin g ly  the re  is  lit t le  
change along the re s t o f the  series, except fo r Me(33) in  n a ra s in . 
T h is  poss ib ly  re flec ts  the fo rm a tio n  o f the hydrogen bond be tween 
the  carboxyla te  an ion  and C(28)-OH. In  the  free acid  th is  bond 
m ay be absent and the con form a tion  d iffe re n t in  th is  p o rtio n  o f the  
m olecule. In  the  paper by A n te un is  and R od ios^i some pred ic ted  
va lues o f the  chem ica l s h ifts  were pu b lishe d . These came fro m  
some e m p irica l ru le s  derived by com paring the  chem ica l s h ifts  o f 
m any po lye the r a n tib io  tic s . 32 They noticed th a t i f  the  eq u iva le n t 
a tom s to  C(25) w ere in  co n ta c t w ith  th e  so lv e n t th e n  th e  
p red ic ted  va lue o f the  chem ical s h ift was ca 0.3ppm  h ig h e r th a n
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expected. T h is  w ou ld  exp la in  in  p a rt the diffe rence seen in  these 
values. S im ila r behaviour was observed a t C(29)-H w h ich  p roba b ly  
has its  o rig ins  in  the same effect.
The changes in  con fo rm a tion  abou t the  C(24) - C(25) bond 
are also show n in  the  spectra. The la rgest changes fo r C(33) 
are observed on com plexa tion, w here there  is  a change o f 2 .5ppm  
in  n a ra s in  and 1.8ppm  in  sa linom ycin . A fte r th is  the  sa lino m ycin  
resonance rem ains ro u g h ly  co n s ta n t b u t the  n a ra s in  sp e ctru m  
shows a 1 .6 ppm  decrease to  the  ru b id iu m  s a lt w ith  the  cæ sium  
s a lt a t a s lig h tly  h ighe r chem ical sh ift. T h is  m irro rs  the  behaviour 
o f the  p ro to n  resonances. There are also large changes (>2.0ppm ) 
in  the  chem ica l s h ifts  a t C(23) and C(26) be tw een the  free acid  
and the  sod ium  sa lt. Again there is  litt le  change a long the  re s t o f 
the  series o f a lk a li m e ta ls. T h is  im plies th a t th is  area undergoes a 
large con fo rm a tiona l change on com plexa tion w ith  lit t le  change as 
the  ion s increase in  size. I t  is  in te re s tin g  to note th a t the re  is  
m ore co n fo rm a tio n a l rearrangem en t in  th is  reg ion  w ith  n a ra s in , 
th a n  is  the case fo r sa linom ycin. T h is is possibly due to  the  loss o f 
fle x ib ility  ab ou t the  C(2)-C(3) bond. T h is  ho lds the  ca rboxyla te  
group in  a fixed pos ition . I f  the hydrogen bond is to  be m a in ta in ed  
the  fle x ib ility  m u s t arise somewhere.
The o the r h inge region is  in  the  C(7) to  C(13) p o rtio n  o f the  
m olecu le  sp e c ifica lly  be tw een C(10) and C(12). T h is  area also 
e x h ib its  changes in  the  chem ica l s h ift w ith  d iffe re n t ca tio n s . 
A ga in  the  changes o n ly  occu r a t ce rta in  atom s and the re  are 
d iffe rences be tw een the  be h a v io u r o f s a lin o m yc in  and th a t o f 
n a ra s in  in  th is  region. The resonances o f greatest in te re s t in  the  
iH  spectra  are those due to  C(7)-H, C(9)-H  and C (13)-H . In  the
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carbon spectra  the  resonances o f in te re s t are C ( ll)  and C(13). I t  
is  C (13)-H  th a t shows the  greatest va ria tio n  im p ly in g  th a t th is  is  o f 
key im p o rta n ce  in  the  com plexa tion . The basic tre n d s  are the  
sam e fo r s a lin o m y c in  and n a ra s in  b u t th e re  are in te re s tin g  
d iffe rences. O n com plexa tion  a large decrease in  th e  chem ica l 
s h ift is  seen fro m  3.88 to  3 .48ppm  in  sa linom ycin  and fro m  3.86 
to  3 .50ppm  in  na ras in . In  b o th  cases there is  an upw ard  tre n d  o f 
ca. 0.2ppm  to  the ru b id iu m  sa lt. I t  is  a t th is  p o in t th a t the  m a jo r 
d iffe re n ce  occu rs. In  n a ra s in  th e re  is  a fu r th e r increase  o f 
0 . 1 2 ppm  be tween the ru b id iu m  and the  cæ sium  sa lts , in  the  case 
o f sa linom ycin  the equ iva lent difference is 0.28ppm . T h is  po ss ib ly  
re fle c ts  a large change in  the  con fo rm a tion  a t th is  s ite  be tw een 
ru b id iu m  sa linom ycin  and cæ sium  salinom ycin.
Is there  any o th e r evidence fo r th is  hypothesis?  I t  is  seen 
th a t in  sa lin o m yc in  the  COSY cross peak fro m  the  C (12)-H  to  
C {13)-H  co u p lin g  va rie s  in  in te n s ity  w ith  th e  c a tio n  p re se n t. 
There are no large changes across the  series w ith  n a ra s in . In  
lith iu m  sa linom ycin  th is  cross peak is o f re la tive ly  low  in te n s ity  b u t 
i t  is  m uch stronger in  the sodium , po tassium  and ru b id iu m  sa lts  i t  
is  how ever com ple te ly  absent in  the  cæ sium  sp e c tru m . T h is  
co u p lin g  is  a lw ays sm all, u s u a lly  be tween 0.5  and IH z , and is  
ra th e r d iffic u lt to  m easure from  the norm al spectrum . Even un de r 
re s o lu tio n  enhancem en t the  co u p lin g  fo r cæ sium  sa lin o m yc in  
co u ld  n o t be reso lved . T h is  m eans th a t, fro m  th e  K a rp lu s  
e q u a tio n ,33 the  angle abou t th is  bond is a lm ost 90°. For the  o the r 
sa lts  the  angle here is in  the  reg ion o f e ith e r 75° o r 105°. I t  is  
d if f ic u lt  to  kn o w  fo r c e rta in  due to  th e  sym m e try  o f th e  
dependence o f coup ling  constan t on the angle be tween the  planes
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co n ta in in g  the  tw o groups. I t  is  also o f in te re s t to  no te  th a t the re  
is  a COSY cross peak be tween C(13)-H  and M e(37)-H , a five  bond 
coup ling , in  a ll the  spectra  except lith iu m  sa linom ycin  and cæ sium  
sa linom ycin .
In  the  13c spe ctra  th e  be hav io u r a t C{13) is  d iffe re n t fo r 
sa linom ycin  and na ras in . In  n a ra s in  there is a 2 .3ppm  increase in  
th e  chem ical s h ift on com plexa tion w ith  sod ium . A long the  re s t o f 
the  series the re  is  a fu rth e r increase o f l.O ppm . T h is  p a tte rn  o f a 
large in it ia l change fo llow ed by a m ore g radu a l a lte ra tio n  is  a lso 
seen in  the  iH  spectrum . In  th is  case the s h ift is  p roba b ly  due to  y- 
gauche in te ra c tio n s  so a ro ta tio n  abou t the  C ( ll)  - C(12) bond o r 
p o ss ib ly  the  C(12) - C(36) bond cou ld  be a causa l fa c to r. The 
presence o f a five  bond co u p lin g  fro m  C (13)-H  to  M e(37)-H  is  
evidence th a t in  na ras in  i t  is  n o t ro ta tio n  o f the  e th y l group th a t is  
the  cause o f th is  change. T h is  m eans th a t the  ro ta tio n  is  a lm o st |
ce rta in ly  abou t the  C ( ll)  - C(12) bond. Th is is  m ore lik e ly  to  a llow  
th e  com plexa tion o f a la rger ca tion  th a n  the mere ro ta tio n  o f a side 
a rm . In  sa lin o m ycin  the tre n d s  are m ore d iff ic u lt to  id e n tify  as 
th is  is  one o f th e  s ite s  w here i t  appears th a t th e re  w as a 
m isassignm en t o f the  13q  resonance b y  Seto et a l.i® . I f  th is  is  in  
fa c t the  case th e n  the re  is  no large s h ift a t C(13) on com plexa tion  
b u t the re  is  a rise  o f 1.9ppm  be tween the  lith iu m  and po tass ium  
com plexes fo llow ed b y  a d rop  o f 1.5ppm  to  cæ sium . So th e  
b e h a vo u r a ro u n d  th is  s ite  is  d iffe re n t in  n a ra s in  fro m  th a t 
exh ib ited  by sa linom ycin .
The ca rbony l a t C (11) is the  s te ric a lly  lea s t h in de red  group 
in  th is  p o rtio n  o f the  m olecu le . The observed s h ifts  seen on 
cha ng in g  the  so lve n t p o la rity  are a ttrib u te d  to  changes in  the
156
j
o rie n ta tio n  o f th is  g r o u p s  7 ,  T h is  w ou ld  have an effect on the  
s h ie ld in g  o f th e  a d ja c e n t p ro to n s . T h is  is  one o f th e  
co n fo rm a tio n a lly  best characte rised areas o f the  m olecule  due to  
th e  c irc u la r d ic h ro s im  s tu d ie s  m en tioned  e a r l i e r . 25,26 These 
showed th a t the con form a tion  is  s im ila r a t th is  s ite  in  the  free acid  
and the  ca tio n  bound  form s as the  d iffe re n tia l a b so rp tion s  are 
s im ila r. Those o f the an ion ic  fo rm  are g rea tly  d iffe ren t.
The da ta  in  th is  thesis disagrees on several coun ts w ith  the  
e a rly  assignm en ts o f the  w ork. There appear to  be fifte e n  
m isassignm en ts  in  the  w o rk  o f D orm an e t al^® fo r n a ra s in  acid. 
The assignm en ts o f sod ium  sa linom ycin  from  Seto e t al^® seem to  
be m ore accura te  w ith  o n ly  five  pa irs  o f va lues w h ic h  sho u ld  be 
exchanged. I t  is  im possible  to  state un equ ivoca lly  fro m  the  da ta  
presented here, th a t the  resonances fo r the free acid  are s im ila r ly  
m isassigned , b u t the y  have been trea ted  as such in  th e  above 
d iscussion.
The iH  assignm en ts agree on a lm ost a ll p o in ts  w ith  those 
p re v io u s ly  p u b lish e d . The assignm en ts  g iven here are m ore 
com ple te th a n  those pub lished  by A n te un is  and Rodios^ i  and on ly  
d isagree on the  assignm en t o f C (18)-H  and C (19)-H  in  n a ra s in  
a c id . I t  is  easy to  id e n tify  these fro m  th e  ca rb o n -h yd ro g e n  
co rre la tio n  spectra  and the assignm en ts here agree w ith  those o f 
Caughey et a l . ^3
3.3.4 The effect of solvent on complex conformation.
It is interesting to note the effect of solvent on the chemical 
shifts of the cation bound ionophores. It  has been s e e n 2 7  th at in  
narasin free acid there is a large change in the chemical shifts at
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certain sites on changing solvent from chloroform to m ethanol. 
Comparing the values given here for sodium and potassium narasin  
w ith  those published by Caughey et a l . 28 shows sim ilar, bu t less 
m arked, changes at certain sites. The sites where the largest 
changes are observed are in  the C(10) to C(12) region of the  
spectrum which is as may be expected. Interestingly there is little  
change observed at C (25)-H  in the sodium and potassium  salts. 
The observed stability of the chemical shift here implies th at there 
is no large conformational rearrangement. The effect seen here in  
th is data is probably due to the loss of a solvent interaction on 
com plexation. Once the complex was formed there was little  
difference in  chem ical sh ift w ith  different cations. Thus, the 
complex is conform ationally fixed at this site independent of 
solvent polarity or cation size.
The observed changes at C(10) are m uch sm aller for the 
cation bound forms than for the free acid ca. O.lOppm and 
0.46ppm  respectively. The observed changes for C(12)-H are 
roughly comparable, increases of 0.17ppm  in  narasin free acid, 
0 .18ppm in potassium narasin and 0.1 Ippm  in  sodium narasin on 
changing solvent from  chloroform to m ethanol. The observed 
changes at C (13)-H  are also veiy different. This is one of the sites 
at which a large change is seen on altering the bound cation. A  
0.3ppm  decrease is seen in narasin acid on changing solvent from  
chloroform to methanol. In  the sodium salt there is a decrease of 
0.1 Ippm  on the same change being made, bu t the chemical shift 
of the potassium salt stays the same. From the published data it 
seems th a t in  methanol-d^ the chemical shifts of all three forms is
the same. This is far from true in  chloroform where there is a
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0 .36ppm  decrease on com plexa tion w ith  sod ium  and a 0 .14ppm  
increase on rep lac ing  the sod ium  w ith  a p o tass iu m  ion . T h is  
im plies th a t there is a m uch la rger con form a tiona l rearrangem en t 
requ ired  in  ch lo ro fo rm  th a n  m e thano l to a llow  com plexa tion . So 
in  a less p o la r so lven t th e  con fo rm a tion  o f th e  free ac id  is  
m a rke d ly  d iffe re n t fro m  th a t o f the  fin a l com plex w hereas in  a 
po la r com plex the  con form a tions are s im ila r. The chem ica l s h ift  
o f the  apo (anionic) form  in  m e thanol is also s im ila r to  those o f the 
ca tion  bound and free acid forms.
A  s ite  a t w h ic h  the re  is  an unexpected v a r ia tio n  in  the  
chem ica l sh ifts  is  in  the  v in y lic  reg ion o f r in g  C. T h is  is  the  
m idd le  r in g  o f the  d is p iro k e ta l m oie ty  and as such  w o u ld  be 
expected to  be rig id . There is a va ria tion  observed in  bo th  the  
and 13(2 spectra w ith  changing cation and in  the spectra  w ith  
changing solvent. In  the ^3c spectra the largest change is seen a t 
C(19) w ith  a ca 2.4ppm  increase in  bo th  sa linom ycin  and naras in . 
The h ighest va lue fo r C(19) is fo r the ru b id iu m  sa lt in  b o th  cases 
w ith  the lowest fo r the sod ium  sa lt in  narasin  and the l ith iu m  sa lt 
in  sa linom ycin. In  salinom ycin there is also an increase o f l.S p p m  
a t C(18) from  the free acid to  the cæ sium salt. In  the IH  spectra  
the  trends are s im ila r w ith  there being more change a t C(18)-H in  
sa linom yc in  th a n  naras in . In  sa linom ycin  there is an increase o f 
0 .35ppm  from  the  free acid to  the  cæ sium  s a lt atC (18)-H . The 
com parable increase a t C(19)-H is on ly  0.17ppm  b u t  the  li th iu m  
sa lt is  0.08ppm  low er th a n  the free acid. I t  can be seen th a t in  
sa linom ycin  acid and sod ium  sa linom ycin  i t  is  the  C(18)-H w h ich  
gives the up fie ld  peak w ith  the reverse being tru e  fo r a ll the o the r 
salts.
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The reverse o f th is  is seen in  the naras in  series. In  n a ras in  
the  la rg e r change, O .lS ppm , is seen a t C (19)-H  on chang ing  
ca tion. On changing solvent i t  is a t C(18)-H th a t the la rger change 
is observed fo r a ll three derivatives. In  th is  connection i t  m ay be 
w o r th  no tin g  the effect o f a lte ring  the s tru c tu re  in  th is  area has on 
the  tra n s p o rt p ro p e rtie s .24 H ydrogenation o f the  doub le  bond 
decreases the ac tiv ity  as also does oxidation o f the v in y lic  hydroxyl. 
A cy la tion  o f th is  hyd roxy l however was seen to  have a benefic ia l 
effect on the tra nspo rt rates and an tim icrob ia l ac tiv ity . 24 Th is site 
m u s t be im p o r ta n t in  the com plexa tion fo r some reason, even i f  
on ly  geome tric. The fle x ib ility  in  th is  area is som ewha t lim ite d  b u t  
there cou ld s till be a ring  flip  or a t least a s ligh t flex. The coup ling  
constan ts  be tween C(18)-H and C(20)-H and C(19)-H and C(20)-H 
are always sm all b u t  do va ry  w ith  changing cation  see Table 3-6. 
T h is  m eans th a t  th e re  is  som e change in  th e  re la tiv e  
conform a tions o f the two sites. There is also a change on changing 
solvent. The f irs t  th in g  to notice is th a t in  sa lino m yc in  i t  is  the  
coup ling  constan t be tween C(19)-H and C(20)-H th a t is  the  la rger 
w hereas in  na ra s in  the greater coup ling  is  be tween C(18)-H and 
C(20)-H. The C(18)-H to C(19)-H coupling is constan t as w ou ld  be 
expec ted.
In  sa linom yc in  there is a large change in  the  C(18)-H  to  
C(20)-H coup ling  constant. Th is  decreases from  2.0Hz in  l ith iu m  
sa linom ycin  to ca. 0.5Hz in  bo th  the free acid (as given by A n teun is  
and R o d i o s 2 i )  and the cæ sium  salt. From  the exam ina tion  o f a
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Table 3-6. The a p p aren t coupling co n stan ts  for the  vinylic region
of salinom ycin.
H * Li Na K Rb Cs
18-19 10.9 1 0 . 8 1 1 . 0 1 1 . 0 1 0 . 8 1 1 . 0
18-20 0 . 6 2 . 0 1.5 1.3 1 . 0 0.5
19 -20 1.7 2.5 2.7 2 . 8 2.5 3.0
The va lues denoted * are taken  from  the da ta  o f A n te u n is  and 
Rodios.2i
Table 3-7. The apparen t coup ling  constants fo r the v in y lic  region 
o f narasin.
H Na K Rb Cs
18-19 1 1 . 0 1 0 . 8 1 1 . 2 10.5 1 1 . 0
18 -20 2 . 0 2 . 2 2.7 2.5 2 . 0
19-20 0.5 1 . 0 0 . 8 0.7 0.5
m odel there is a t m ost ca 55® o f tw is t possible abou t the  C(19)- 
C(20) bond , ro u g h ly  30° to  85°. From  the K a rp lu s  equation^S
3 j  = 8.5cos2(j) -0.28 
the coup ling  constan ts w ou ld  be ~ 6 Hz a t 30° and ~ OHz a t 85°. 
A pp ly ing  these equations to th is  system shows th a t there is abou t a 
20° tw is t abou t th is  site. In  na ras in  there is l it t le  change in  the 
coup ling  constan ts  w ith  e ither so lvent or ca tion . The m a x im um  
difference being abou t 0.5 Hz a less than  10° ro ta tion .
The K arp lus  equation was postu lated fo r ethane, an sp3-sp3 
system, so i t  is unce rta in  how accurate these values a c tu a lly  are in  
an sp2-sp3 system  such as there is here. The coup ling  constan t 
w i l l  v a ry  w ith  the  angle be tw een the p lanes c o n ta in in g  the  
p ro tons, so there  is  a m uch more f le x ib ility  a round  th is  s ite  in
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sa linom ycin  th a n  is the case in  narasin . So there are changes o f 
con form a tion  in  even the m ost rig id  portions o f the m olecule. The 
h y d ro x y l on C(20) is one o f those w h ic h  takes  p a r t  in  the  
com plexa tion o f a cation. I t  is possible th a t the observed change is  
due to  th is  g roup  chang ing  o r ie n ta tio n  to  a llo w  a s tro ng e r 
in te ra c tio n  to occur. I t  is u n u su a l th a t the 4 j  C (18)-H -C (20)-H  
coup ling  in  na ras in  should be larger th a n  the three bond coup ling  
C(19)-H to C(20)-H. Th is m us t be due to the v in y lic  na tu re  o f th is  
in te raction , a lthough th is  does no t expla in w hy th is  is n o t the case 
in  salinom ycin.
S u m m in g  u p  th e  e ffec t o f so lve n t p o la r ity  on  th e  
con form a tion  o f the cation bound ionophore i t  seems to be safe to 
say th a t there are differences in  the conform a tions. The changes 
are sm alle r however th a n  fo r the corresponding free acid. Thus 
the  ionophore /  cation com plex is w e ll defined con fo rm a tiona lly  and 
no t greatly affected by the po la rity  o f the solvent.
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3 .4  E xperim en ta l.
A l l  sp e c tra  w ere ta k e n  on a B ru k e r  M S L 5 00  n m r 
spectrom e te r us in g  the decoup le r co ils o f the  h ig h  re s o lu tio n  
probe. For the 2D spectra  2048 fid 's o f 4k  each were collected 
zero fille d  to 4 k  in  the second dim ension. Fourie r tra ns fo rm  was 
carried  o u t in  m agnitude mode w ith  sine be ll apod isa tion  in  each 
d im e n s io n . The spe c tra l q u a lity  was fu r th e r  im p ro ve d  by  
sym m e tr isa tio n  abou t the m ain  diagonal. NOESY spec tra  were 
acqu ired  w ith  m ix in g  tim es o f be tween 100 and 300  m s . A  
recycle tim e o f a round 1 .6 -2 .5s was used fo r a ll the  spectra .
For the XHCORD spectra 512 fid 's o f 4k  da tapo in ts  were collected 
these were zero fille d  in  the d im ension to 1 o r 2k. Spec tra  
were selected fo r bo th  160Hz and 12Hz coupling constants.
The salinom ycin, as the sodium  salt, was donated by Hoechst *
A.G. The naras in , as the free acid, was donated by  E li L illy  Inc.
B o th  o f these were use w ith o u t fu rth e r pu rifica tio n .
The sam ples were a ll p repared us in g  a s im ila r  m e thod .
Ionophore 50m g was disolved in  CDCI3  (~ 0.5 cm^) in  a sam ple
bo ttle . To th is  m e ta l ch lo ride  (~3g) and d is tille d  w a te r (~0.5cm3) 
was added and the  m ix tu re  s tirre d  fo r a t lea s t I h  a t room  
tem pera tu re . The organic layer was removed in  a Pasteur p ipe tte  
and dried by filtra tio n  th rough  a p lug o f anhydrous m e ta l carbona te 
in to  a 5m m  n m r tube. Samples o f ru b id iu m  carbona te and cæ sium  
carbona te  were m ade by re ac tion  o f the m e ta l h yd ro x id e  in  |
so lu tion  w ith  so lid  carbon dioxide. M ost of the w a te r was removed 
by  d is tilla tio n  a t reduced pressure. The sa lt was fu r th e r d ried  on 
an o il pum p and stored over s ilica  gel in  a vacuum  desicator.
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Chapter 4. A study of some synthetic ionophores 
for both anions and cations.
4 .  1_____In tro d u c tio n .
4.1.1 A n ion  Transport.
The tra n s p o rt o f an ions, in  p a rtic u la r ch lo ride , across the  
l im i t in g  m em branes o f ce lls is  very im p o r ta n t. F o r exam ple, f
ch lo ride  is the  coun te r-ion  transpo rted  b y  the  B and 3 p ro te in  to 
replace b icarbona te  ions ins ide  the cells. T h is  is  the  process b y  
w h ich  the carbon dioxide produced d u ring  re sp ira tio n  is  removed 
fro m  the cells to the  blood stream . i  I t  is  also believed th a t cystic  
fibros is  is  caused by abnorm alities in  the chloride tra n s p o rt.2 For 
these reasons an un ders tand ing  o f the ch loride tra n s p o rt process, 
and  th e  deve lopm en t o f n m r m e thods fo r m o n ito r in g  it ,  are 
im p o r ta n t. I
NMR has been w ide ly  and successfu lly used to s tu d y  ca tion  
tra n s p o r t across m em branes, see chap te r 2 , and  the  ha lides  
shou ld  be equa lly  am enable to  s tu d y  us ing  th is  techn ique. 3 5 c i,
37ci, 79Br and 8 iB r  are a ll n m r active and re la tive ly easy to observe 
a lth oug h  they  are a ll quad rupo la r nucle i.3  T h e ir sens itiv ities  are 
a ll g reater th a n  th a t o f b u t  as the y  are q u a d ru p o la r the y  
give greate r linew id ths . In  com pensation, the  sho rte r re la xa tio n  
tim e s  a llo w  da ta  to  be acqu ired  m u ch  m ore ra p id ly . The 
prob lem  w ith  s tudy ing  the tra n spo rt o f ha lide ions in  phospho lip id  
vesic les is  to  generate a co n tra s t be tween the  s igna ls  due to  
the  ions ins ide  the vesicles and those ou ts ide. S uch  co n tra s t 
re age n ts  w ere  en coun te red  e a rlie r, in  th e  w o rk  on c a tio n
tra n s p o rt (C hapter 2) so no fu r th e r d iscuss ion  o f th e ir  desired 
properties w ill be en tered in to  here.
There have on ly  been very few studies o f ch lo ride  tra n s p o rt 
th ro u g h  b io log ica l m em branes us ing  nm r. These have tended to 
concentra te  on erythrocytes^ where the in te rna l ch lo ride  s igna l is  
in v is ib le  due to rap id  quadrupo la r re laxation . T h is  is  caused by  
in te ra c tio n s  be tw een the  35C1 and p ro te in s  in s id e  the  ce ll. 
Q uadrupo la r re laxation is governed by the equation :
T lq - l
%
T2q-1 = 
ÏÏ
f É  • • ^2  . (1 + n V 3 ) . Te
w here : 
I
X
e
Q
Qzz
spin quantum  num ber.
nuclear quadrupole coupling constant.
co rre la tion  tim e, 
charge on an electron, 
quadrupole m omen t.
the largest com ponen t o f the e lectric fie ld  grad ient.
I 1 3 /2 5 /2 3 7 /2 9 /2
(21+3) 4 8 1 2 0 2
I 2  (2 1 - 1 ) 5 3 25 5 147 27
Thus, the re laxa tion  is slowest and the line  sharpest w hen I 
is  large, Q is sm all and the electric fie ld gradient is sm all.
Ins ide  the  ce ll there w il l  be m any species, e.g. p ro te ins , 
con ta in ing  ca tion ic groups i f  the chloride ion  is a ttrac ted  to  such  a 
species i t  w il l be a t a site w ith  a h igh electronic fie ld  g rad ien t and
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its  m o b ility  w ill be reduced. The less m obile  a nu c leus  is  the  
broader its  line  w ill be so a ch loride ion attached to  a large p ro te in  
w ill be very restric ted  in  its  m o b ility  and so w ill show a broadened 
line  possibly to the po in t o f m aking the line  inv is ible .
The on ly  pub lished  w o rk  on a con tras t reagent fo r ha lide  
ions inside vesicles is by R iddell et a l.5 This s tudy  used m anganous 
ions as a re laxa tion  agent fo r the chloride signal. T h is  broadens 
b u t  does no t s h ift the "out" peak leaving the "in" peak unchanged 
en a b lin g  the  tw o to be d is tin gu ish e d . I t  was observed th a t 
a lthough m anganous ions produced good line  broadening they also 
ra p id ly  destroyed the vesicles. Th is  was believed to  be due to  
in te rac tions  be tween the coord ination  sites on the manganese and 
the  b ila y e r surface . S tab le  m anganese (II) com plexes were 
prepared to try , unsuccessfu lly , to re ta rd  th is  process to enable 
m easurem en ts  to be taken. I f  a phosphate was added to  the  
so lu tion  in  the ra tio  o f 8 : 1  P0 4 :M n then the vesicles were found  to
be stab ilised su ffic ie n tly  fo r rates to be measured. Th is  was found 
to  be due to  the low ering o f the  pH o f the so lu tion , requ ired  to  
dissolve the manganese (II) phosphate, ra the r th a n  any p rope rty  o f 
the phosphate ions themselves.
Once a con tra s t system had been found  th is  enabled ra te  
m easurem en ts to be made w ith  ionophoric  m a te ria ls . The f irs t  
such  m a te ria l tr ie d  was te tra b u ty lam m o n iu m  ch lo ride , know n to 
be a phase tra n s fe r reagent.^ Th is  was observed to  m edia te  
tra n s p o rt in  ph ospho lip id  b ilayers a t a ra te ca 3 .5  tim es th a t o f 
vesicle destruction . The other m a te ria l stud ied was va linom ycin , a 
n a tu ra lly  o ccu rring  n e u tra l ionophore, (see F igure  1-4). I t  has 
been pos tu la ted  th a t va linom ycin , w h ich  is po tass ium  selective,
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carries  a ch lo ride  ion  as an ion  p a ir w hen com plexed w ith  a 
c a tio n ,7 m uch as is seen to occur in  crown ethers (see below). I f  
th is  is the case then  ch lo ride  tra n sp o rt m u s t occu r a t the  same 
ra te  as po tass ium  tra n spo rt. The data reported however d id  n o t 
show any evidence o f such ch loride transpo rt. The ra te  o f loss o f 
ch lo ride  (in) in te n s ity  w ith  va linom ycin  present, was the  same as 
the ra te seen in  the absence o f va linom ycin. By con tras t the ra te o f 
p o ta s s iu m /ru b id iu m  exchange in  a s im ila r system was m uch  more 
rap id , w ith  comple te exchange occu rring  w ith in  7 m inu tes . Thus 
the  io n -p a ir the o ry  o f va linom yc in  m edia ted tra n s p o rt does n o t 
ho ld  true , a t least in  th is  system.
4.1 .2 S vn the tic  an ion ionophores.
The s im plest type o f an ion ca rrie r are a lky l am m on ium  ions, 
w ith  m edium  leng th  cha ins e.g. te tra b u ty la m m on iu m . These have 
been used as phase trans fe r m a te ria ls  (see above) m a k in g  an ions 
soluble in  an orgeinic solvent. These m a teria ls tra n sp o rt an ions as 
an ion  p a ir and are re la tive ly  nonselective o f the an ion  carried. A  
s im ila r type o f nonselective tra n sp o rt is  th a t m edia ted b y  crow n 
e th e rs . 8  These fo rm  pos itive ly  charged complexes w ith  a ca tion  
and also take an an ion w ith  them  as an ion pa ir. A n ion  tra n sp o rt 
has also been seen to  be m edia ted b y  ce r ta in  o rg an om e ta llic  
complexes such as the v ita m in  B j 2  deriva tive seen in  F igure 4-1.^
Th is  la s t m e thod has been seen to favour tra n s p o rt o f lip o p h ilic  
ca tions over h yd ro p h ilic  ones. 10 Th is is because the  tra n s it io n  
energy o f fo rm a tio n  o f the com plex is low er i f  the  an ion  is l ip id  
soluble.
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Figure 4-1. The s truc tu re  o f a Cobalt conta in ing an ion ionophore.
There has been a lo t  o f w o rk  done in  the  fie ld  o f an ion  
b in d in g  recep to rs  u s in g  c ryp tand s  like  those used fo r ca tio n  
tra n s p o rt, Examples o f such m a teria ls are given in  F igure 4-2. 
These can a ll be seen to con ta in  m u lt ip le  am ino groups. Some o f 
these are p ro tona ted  a t n e u tra l pH and i t  is  the  in te ra c tio n  
be tween the an ion  and pro tonated am ines th a t gives rise  to the  
com plexa tion. I f  there is no positive charge th e n  no com plex is 
form ed. The prob lem  w ith  these m a te ria ls , in  the m ed ia tion  o f 
tra n spo rt, is  th a t they have more th a n  one positive charge, so the  
c a t io n /c a r r ie r  com plex has ne t pos itive  charge. T h is  can be 
overcome b y  the  in co rp o ra tio n  o f a large lip o p h ilic  a n io n  e.g. 
d in o n y ln a p h th a le n e  su lp ho n a te  (DNNS") in to  the  m e m b r a n e .  
T h is  an ion  w ou ld  be expected to rem ain in  the m em brane ou ts ide 
the cav ity  o f the carrie r. To im prove fu r th e r the lip id  s o lu b ility  o f 
the  com plex  the  po lyam in e  was to sy la ted  lea v in g  o n ly  the  
bridgehead  sites fo r p ro ton a tio n . The tra n s p o rt s tud ies  were
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carried  o u t in  a U -tube system and showed th a t the presence of 
th e  DNNS- im p ro ve d  the  s e le c tiv ity  o f the  c ry p ta n d  type  
ionophores w ith o u t a lte rin g  the  se lec tiv ity  o f a lin e a r am ine, 
tr io c ty la m ine .
y
Figure 4-2. Two o f the cryptands used as an ion ionophores.
Th is  showed th a t an ion receptors can be easily changed in to  
a n io n  ca rrie rs  to  produce selective an ion ic  ionophores. The 
se lec tiv ity  observed here arises from  the size o f the  cav ity  o f the  
ionophore ra th e r th a n  so lva tion effects. These m a te ria ls  can be 
app lied  to  b io lo g ica l system s as an a id  to  u n d e rs ta n d in g  the  
processes o f an ion transport.
4.2 Cation transport.
The fie ld  o f syn the tic  ca tion  ionophores is va s t w ith  m any 
d iffe ren t types o f m a te ria l being used. A  fu ll survey o f a ll the w o rk  
done in  th is  fie ld w ou ld  be o u t o f place here, so, th is  section o f the 
in tro d u c tio n  w ill be on ly  a b r ie f h is to ry  o f the  fie ld  o f syn th e tic  
ionophores. The areas o f an ion ic  and pro ton  ion isab le  ionophores 
w h ic h  are the  areas o f in te re s t to the w o rk  described here are 
described in  a l it t le  more dep th.
M acrocyc lic  po lye thers (crown ethers) were f ir s t  described 
by  Pedersen in  1967.13 H is pioneering w o rk  a long w ith  th a t o f
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Lehn and Cram  led to th e ir  receiving the Nobel Prize in  C hem istry  
in  1987. There have been m any reviews on the  crow n ethers i  
and s im ila r m a te ria ls , such as cryp tands 15 and la r ia t  e the rs .i®  
These have covered eve ry th ing  fro m  syn thes is  i ^  to  tra n s p o rt 
p roperties . 13
S yn th e tic  ionophores come in  m any shapes and sizes i ^ 
designed to com plex w ith  d iffe ren t species. One th in g  th e y  a ll 
have in  com m on is th a t th e  m ore s t r ic t ly  c o n tro lle d  th e  
stereochem istry and the more rig id  the s tru c tu re  the m ore stable 
and selective are the complexes formed. Th is is  c lea rly  show n by  
some w o rk  done on podand io n op h o re s .20 These are non - 
m a cro cyc lic  ionophores  and are o ften  po lye the rs , th is  c lass 
in c lu d e s  m a te ria ls  such  as te trag lym e see F ig u re  4 -3 . The 
m a te ria ls  s tud ied  in  th is  w o rk  were lin e a r po lye thers w ith  w e ll 
de fined s te reochem istry  F igure 4-3. These were seen to  fo rm  
m u ch  m ore stab le  com plexes w ith  a lk a li m e ta l ions th a n  the  
correspond ing  lin e a r po lyethers w ith  undefined stereochem istry . 
The s tab ilitie s  o f the complexes form ed compared favourab ly  w ith  
those seen fo r crown ethers a lthough the se lectiv ities are s lig h tly  
decreased. The n a tu ra lly  occu rring  ionophores are also m o s tly  
n o n -m a c ro c y c lic  species w ith  w e ll de fined  s te re o c h e m is try . 
Possibly th is  is a route fo r fu rth e r research to take.
I t  is the  o rgan isa tion  o f the m olecule in to  its  com plex ing 
fo rm  w h ich  is the source o f the differences in  free energy. In  the 
non-com plexed sta te  the re  is no cav ity  in  c ryp ta n d  2 ,2 , 2  o r 
organ ised  b in d in g  site  in  [ 18]-crow n-6 . I t  is  o n ly  w hen the
cation is bound th a t th is  arrangem en t o f the m olecule is produced. 
Th is  rearrangem en t o f the molecule is the m ajo r energy b a rr ie r to
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Figure 4-3 Podand ionophores from  re f 20.
com plex fo rm a tion . I f  the s tru c tu re  is synthesised such th a t the  
m olecule is s te rica lly  constra ined to adopt a con fo rm a tion  s im ila r 
to  th a t o f the  fin a l com plex th is  energy b a rrie r w il l be m in im ised. 
One such  class o f com pounds are the spherands developed by  
C ram  and c o - w o r k e r s .21 D esigning such m a te ria ls  ca re fu lly  can 
provide a h ig h  se lectiv iiy  fo r one cation  or molecule.
The preferences are o ften w orked o u t in  te rm s  o f h o s t- 
guest association constant (KJ values ob tained by the extraction  o f
m e ta l p icra te  so lu tions in to  an organic l a y e r . 2 2  Th is  m e thod relies 
on the fact th a t a neu tra l ionophore m us t extract an an ion in to  the 
o rgan ic  laye r to  ba lance the  charge on the  m e ta l/ io n o p h o re  
com plex. The concen tra tio n  o f p icra te  extracted fro m  aqueous 
so lu tio n  in to  a ch lo ro fo rm  layer w ith  and w ith o u t ho s t p resent is 
d e te rm in e d  s p e c tro p h o to m e tr ic a lly , as are th e  re sp e c tive  
concentra tions in  the aqueous layer. The ex trac tion  process can 
be represented by the equations given in  Scheme 4-1.
Thus i f  the concentra tion  o f p icra te is de term ined in  the  4 
layers, aqueous and organic, w ith  and w ith o u t host, the n  Kg, 
and hence can be calcula ted.
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Ka
[M+ P i d o r g  + [H] [M+ . H . Pic'lorg
Ke
[ M \ ^  + [P ic ] aq + [Hlorg ^ --------  [ M \  H . PiCJorg
Kd
[M+] + [Pic laq ^  [M+ Pic'lorg
Kg
where I^a =
Schem e 4-1 . The equa tions  govern ing  the  p ic ra te  e x tra c tio n  
experim e n t.
The preference fo r ion  A+ over ion  B+ is the ra tio  o f K ^ ^ /K g ^  
and can be as h igh  as > 1 0 i® fo r sod ium  over po tass ium  in  some 
spherands. A rrang ing  the hosts in  order o f decreasing se lec tiv ity  
gives a lis t  of:
Spherands > c iyp tands > coronands > podands.
Th is  lis tin g  follows the order of s tru c tu ra l preorganisation.
4.2.1 Pro ton ion isable crown ethers.
Polyether an tib io tics  a large h ig h ly  active class o f n a tu ra lly  
occu rring  ionophores con ta in  a p ro ton  ion isable group, u s u a lly  a 
carboxylic acid. Th is removes the necessity o f also tra n sp o rtin g  an 
an ion  to  m a in ta in  e le c tro n e u tra lity  as the a n io n ic  fu n c tio n  is 
a c tu a lly  p a rt o f the m olecule. I t  is possible to synthesise crow n 
e th e rs  c o n ta in in g  an ac id ic  g roup  w h ic h  a lso e x h ib it  th is
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advantage. Th is should speed up transpo rt fo r two reasons:
1) The ion ised headgroup o f the crown ether w il l  p ro jec t from  
the m em brane fa c ilita tin g  the f irs t  approach o f a solvated 
cation, m uch as is  observed in  polyether an tib io tics .
2) There is no necessity fo r the crown e th e r/m e ta l com plex to 
ca rry  a coun te r ion  in to  so lu tion . The com plex form ed is 
e lectron ica lly  neu tra l.
Therefore the  ra te  o f tra n s p o rt and se le c tiv ity  sho u ld  be 
im proved by inco rpo ra tin g  an acid ic  group in to  the  crow n e ther 
m olecule. A  review artic le  on these m a teria ls  has been pub lished
recently. 23
There have been three d iffe ren t approaches to  the synthesis 
o f p ro ton-ion isab le  crown e thers.23 These are:
1) A ttachm en t o f a pendant side arm  in c lu d in g  o r te rm in a tin g  
w ith  an ionisable en tity
2) In c lu s ion  w ith in  the crown ether fram ew ork o f an ion isable 
en tity  such th a t the proton and the atom  to w h ich  i t  is bound 
pro jec t in to  the cavity
3) Inc lu s io n  o f a heteroatom  bearing an ion isab le  p ro ton  a t a 
liga ting  pos ition  in  the fram ew ork
A n example o f each o f these types is given in  F igure  4-3. 
The m ost extensive group are those o f type 1, the  w o rk  in  th is  
thesis was on th is  type o f m a teria l.
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Figure 4-3. Examples o f the three m ajor types o f p ro ton  ion isab le  
crow n e thers.
The pK ^’s o f the pendant side chains have been found to  be 
s im ila r to  those o f the  pa ren t acid, un less the re  is appreciab le  
hydrogen bond ing  be tween the ion isable  p ro ton  and the  oxygen 
atom s in  the m acrocyclic cavity. The pK^ is seen to increase w ith
increas ing  cha in  len g th  o f the pendant side a rm  as the greater 
fle x ib ility  enables a closer approach o f the two groups. T h is  makes 
such hydrogen bonding stronger. 23
The com plexa tion o f m e ta l cations has been stud ied fo r m any 
p ro ton  ion isable  crown e thers. There are a nu m be r o f desirable 
s tru c tu ra l features fo r the  fo rm a tion  o f stable complexes. These 
features are23;-
1 ) The cavity  m u s t be the correct size to f i t  the cation
2) The an ion ic  m oie ty  shou ld  be sited a t the co rrec t d is tance 
from  the cavity fo r an ion  pa ir to form
3) The an io n ic  charge sho u ld  m a tch  th a t o f the  c a tio n  to  
produce a 1 : 1  complex.
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These are no t rea lly  su rp ris ing  ne ithe r is the fa c t th a t b o th  
the  an ion ic  and n e u tra l fo rm s o f the crown e ther can com plex. 
The n e u tra l fo rm  always has a low er associa tion  cons tan t, K^,
im p ly in g  th a t there is  com pe tition  be tween the p ro ton  and m e ta l 
ion  fo r the ligand site. I t  has also been no ted th a t i f  the ion isable 
s ite  is  rem o te  fro m  the  cavity , it ,  no t the  ca v ity  m ay be the  
d o m in a n t b in d in g  s ite .24 This is more like ly  i f  there is poor size 
m a tch ing  o f the cavity and cation.
Solvent ex tra c tion  stud ies on these m a te ria ls  have show n 
th a t, except a t h ig h  pH, the complexes form ed had tw o o r more 
lig a n d  m o lecu les pe r c a tio n .25,26 i t  was also seen th a t the  
e x trac tio n  a b ility  o f solvents decreases w ith  inc reas ing  p o la rity , 
ch lo ro fo rm  was the m ost effective and p-xylene the least.
T ransport stud ies also show a dependence on the pH. These 
have been m ostly  carried ou t in  a U -tube type apparatus, see Figure 
2-2, w ith  the source phase a t h igh  pH and the receiving phase a t 
low  pH. T h is  ensures com ple te com plexa tion w ith  ca tio n  in  the 
source phase and com ple te d issoc ia tion  o f the com plex in  the 
receiv ing phase. C hanging the pH  g rad ien t som e tim es has l it t le  
effect27 b u t  in  some systems large changes in  the tra n sp o rt rates28 
or even changes o f se lectiv ity have been observed.29
The k ine tics  o f the process also depend on pH, a lth oug h  the 
m e ta l ion  co n cen tra tio n  is also im p o r ta n t in  some cases. The 
effects seen depend on the type o f system being stud ied. In  some 
cases a t h igh  pH  the tra n s p o rt is  f irs t o rder in  m e ta l ion  i f  the 
m e ta l ion  is a t rough ly  the same concen tra tion as the  crown ether. 
I f  the  m e ta l ion  is present a t considerably h ig he r con cen tra tio n
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th e n  the  process is observed to be zero th  order in  m e ta l i o n .  2  7  
Th is  is  believed to occur w hen desorption o f the  com plex fro m  the  
aqueous organic interface is rate lim iting .23
The o n ly  experim en t so fa r reported fo r these m a te ria ls  in  
p h o s p h o lip id  b ila ye rs  was a com parison  w ith  tw o  n a tu ra lly  
occu rring  ionophores, va linom ycin  and n i g e r i c i n . 3 0
T h u s  p ro to n  ion isab le  crow n e thers are u s e fu l too ls  fo r 
separa ting  b o th  m e ta llic  and bio logica l ca tions. There is however 
s t i l l  no predictive model fo r the best system to  be used fo r a given 
separation, so a certa in  am oun t o f tr ia l and erro r is involved. Th is  
class o f com pounds are s t i l l  less active and e ffic ien t tra n sp o rte rs  
th a n  the  n a tu ra lly  o ccu rrin g  ionophores. T h is  m eans th a t a 
syn the tic  ionophoric  a n tib io tic  is no t in  sight.
180
4.3____ R esults and  Discussion.
4.3.1 A n ion  Transport.
Previous w o rk  in  the group had a lready dem onstra ted the 
u n s u ita b ility  o f the lan than ides and m ost o f the  tra n s itio n  m e ta ls 
fo r use as con trast reagents.31 The on ly species w h ich  was found 
to produce su ffic ien t re laxation was the m anganous ion, a h ig h  sp in  
species w ith  5 unpa ired electrons. U n fo rtuna te ly  however th is  was 
a lso seen to  d e s tro y  the  ves ic les fa r  to  ra p id ly  fo r  an y  
m easurem en ts to be made. A  su ffic ien t s tab ilisa tion  was ob ta ined 
b y  the  a d d ition  o f phosphate ions to enable the  tra n s p o rt to  be 
stud ied  us ing  th is  system .5 I t  was discovered th a t the increased 
s ta b i l i t y  w as  p ro b a b ly  due  to  th e  a c id it y  o f  th e  
manganese/ phosphate so lu tion  w h ich  was added. T h is  decreased 
the pH  in  the externa l so lu tion  to pH4, w ell outside the bio log ica l 
pH  range. The observed s tab ilisa tion  was thoug h t to be due to  the 
p ro ton a tio n  o f the lip id  headgroups, thereby preven ting  the  M n 2 + 
io n s  fro m  in te ra c t in g  w ith  the  m em brane  b y  e le c tro s ta tic  
repu ls ion  see Figure 4-4.
CHaCHgN+Meg CHgCHgN+Meg
0  + O1 H+ I0 = p —O' --------------^  0 = P —OHI I0 o1 IW W W W W W V *  .AAA/WWXAAAA/»I iR R
N eu tra l m em brane Positively charged m em brane
Figure 4-4. Showing the effect o f p ro tona ting  the m em brane.
I f  th is  is the  case then  in d u c in g  a positive  charge in  the
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m em brane shou ld  have a s im ila r effect. To th is  end a set o f 
vesicles in co rp o ra tin g  ce ty l p y r id in iu m  brom ide  were p roduced. 
T h is  is com m only used to  produce pos itive ly  charged m em brane 
surfaces, b u t  i t  was also found  to be an e ffic ie n t ch lo ride  io n  
tra nspo rte r, p resum ably v ia  the fo rm a tion  o f an ion  pa ir, as seen 
ea rlie r w ith  te tra b u ty la m m o n iu m . To reduce the  tra n s p o rt ra te  
the headgroup h y d ro p h ilic ity  was increased. Th is  was a ttem p ted  
b y  s u b s titu t in g  ca rb ino l groups in  the 3 and 5 pos itions  o f the 
p y rid y l r in g  (see Figure 4-5). The aim  of th is  was to  add hydrogen 
bond ing groups to the p y rid in iu m  sa lt to t iy  to reduce its  s o lu b ility  
in  the  m em brane. These m a te ria ls  were, however, also seen to 
media te anion tra nspo rt so th is  approach was abandoned.
(H O C H 2) N. ^ x“;;5 ^ C H 2 0 H
(CH2)i5
Œ 3
Figure 4-5. The m a te ria ls  used to t ry  to p ro tect the  vesicles from  
destruction  by  M n 2 + ions.
The charge on a m em brane surface effects the observed tra n s p o rt 
processes ^ 2  go an e le c tro n e u tra l m e thod sh o u ld  give b e tte r 
re su lts  th a n  the  above procedures. To th is  end tw o com ple te ly  
d iffe re n t techn iques were tr ie d . These used d iffe re n t types o f 
m a te ria l to  do the  same job , e ith e r s h ift o r re la x  a ha lide  n m r 
s igna l. The f irs t  m a te ria l tr ie d  was dextran  m a gne tite .33 T h is  
b a s ica lly  cons is ts  o f sm a ll sugar coated, and the re fo re  w a te r 
soluble, partic les o f m agne tite. I t  is form ed by the p re c ip ita tion  o f 
m agne tite, FegO^, in  a so lu tion  o f dextran, a po lysaccharide w ith  a
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F igu re  4-6. The com b in a tio n  spec trum  show ing  th e  s h if t  and 
re la xa tio n  generated by dex tran  m agne tite on the  s igna l in
aqueous solution.
I
- 6“ 4-2
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Figure 4-7. The s tru c tu re  o f 4-amino-TEMPO.
In  the f irs t experim en t carried o u t w ith  4-am ino-TEM PO  the 
so lu tion  was no t buffered. I t  was seen th a t no s h ift was generated
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m olecu la r mass of, in  th is  case, abou t 18000 Daltons. P re lim inary  
tests showed th a t th is  bo th  sh ifted  and broadened the  ^^C l n m r 
signal in  NaCl so lu tion .34 T ha t th is  me thod w ou ld  be good enough 
to  p roduce  d is t in c t  peaks can be seen b y  the  c o m b in a t io n  
sp e c tru m  in  F igure  4-6. T h is  spectrum  was fo rm ed b y  the  
s u p e rp o s itio n  o f spectra  ob ta ined  w ith  and w ith o u t  d e x tra n  
m agne tite present. U n fo rtuna te ly  when applied to a set o f vesicles ï
no separa tion  o f the peaks was seen, w h ich  m eans th a t dextran  
m agne tite  is no use fo r th is  system. The reasons fo r th is  fa ilu re  
are in te resting , the vesicles were no t destroyed (th is was shown by  
ad d ition  o f dysprosium  b istripo lyphosphate  and observation o f the 
23]vja signal) and i t  w ou ld  be u n u su a l fo r a sugar o f th is  size to 
d isso lve th ro u g h  a phospho lip id  b ilaye r. The on ly  e xp lana tion  
w h ich  we could come up  w ith  is th a t the m agne tic fie ld  caused by  
the  m agne tite  operates over a su ffic ie n tly  large d istance to  affect 
ions inside the vesicle w ith o u t crossing the m embrane.
A  fu r th e r type o f m a te ria l tried  as a con tras t reagent was a 
stab le n itro x id e  rad ica l. In  th is  case the  species used was 4- 
amino-TEMPO (Figure 4-7) buffered a t pH  6.2.
u n t i l  the am ine was pro tonated by  add ition  o f acetic acid, as the  
ch lo ride  ions w o u ld  no t the n  be a ttrac ted  close to  the  ra d ica l 
cen tre  (Table 4 -1). The exp e rim en t was repeated w ith  the  
so lu tion  buffered a t pH6.2 w h ich  gave the data in  Table 4-2. I t  can 
be seen th a t th is  reagent produced a sh ift b u t  no lin e  broadening 
in  the  35c i spectrum  from  po tassium  chloride so lu tion . Th is  s h ift 
was easily su ffic ien t to separate the "in" and "out" signals and was 
seen to  be pH  dependen t, a t a lka lin e  pH  the s h if t  was m u ch  
sm alle r. The slope o f s h if t  vs 4-am ino-TEM PO added is a lm os t 
lin e a r b u t  the  pH  increased as the bu ffe r was quenched. The 
a d d itio n  o f 4-am ino-TEM PO to  the vesicles produced a couple o f 
problem s. One was th a t the bu ffe r used, PIPES, tended to destroy 
the vesicles b u t, more im po rtan tly , no con trast was seen. Th is  was 
a lm os t ce rta in ly  due to  pene tra tion  o f the m em brane b y  the  4- 
am ino-TEM PO. The vesicles were shown to be in ta c t b y  a d d itio n  
o f dyspros ium  b is-triphospha te  and subsequent observation o f tw o 
signals in  the 3 %  spectrum .
The use o f such radicals shows promise fo r the  fu r th e r fu tu re  
s tu d y  o f an ion  tra n sp o rt b y  n m r i f  the problem  o f lip id  s o lu b ility
Table 4-1. The effec t o f 4 -am ino TEMPO on the  lin e  w id th  and 
frequency o f a 35ci signal in  unbuffered aqueous so lu tion .
TEM PO /C l- Line w id th /H z Frequency/H z
0 10.98 0
1 % 10.98 1 . 2 2
4% 10.99 3.05
1 0 % 12.82 6 . 1 0
Ace tic acid 17.70 37 .84
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Table 4-2. The effect o f 4 -am ino TEMPO on the  lin e  w id th  and 
frequency o f a 35ci s ignal in  aqueous so lu tion  buffered a t pH  6.2.
TEM PO /C l- Line w id th /H z Frequency/H z
0 1 2 . 2 1 18.31
1 % 13.42 18.31
4% 13.43 20 .75
1 0 % 14.65 23 .19
30% 14.03 35 .40
60% 15.26 48 .83
1 0 0 % 15.26 58 .29
can be overcome. T h is m ay be achievable b y  w o rk in g  a t m ore 
acid ic pH  or by  qua tem is ing  the am ine fun c tion  so the free base is 
n o t available to d iffuse th ro u g h  the membrane. I t  is  u n lik e ly  th a t 
such  a m a te ria l w ou ld  be su ffic ie n tly  lip o p h ilic  to ca rry  a coun te r 
ion  th ro u g h  a mem brane w ith  it.
4 .3 .2  The prepara tion  and testing o f anion carriers.
The o ther p a rt o f th is  w o rk  on an ion tra n s p o rt has been to 
a tte m p t the  m anu fac tu re  o f syn the tic  ionophores. The m a te ria l 
w h ic h  has  been used  fo r  m o s t o f th is  w o rk  has been 
te tra b u ty la m m o n iu m  brom ide. I t  was a ttem p ted to  m a nu fa c tu re  
m ore e ffic ie n t ionophores w ith  l i t t le  success. The idea  was to 
inco rpo ra te  groups w h ich  cou ld  hydrogen bond to a bound  an ion  
the reb y  s ta b ilis in g  the com plex form ed. The f irs t  species made 
were hydroxyla ted tr ia lk y l amines such as (1) in  F igure 4-7. I t  was 
im p o r ta n t to  t r y  to tes t these m a te ria ls  fo r tra n s p o rt p roperties, 
b u t  vesicles are expensive and tim e consum ing to  prepare so a 
m ore e ffic ien t m e thod had to  be found. The m e thod used was to 
add a liquo ts o f a so lu tion  o f the po ten tia l ionophore to  a m e thano l
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so lu tion  o f cæ sium chloride and look for any line  broadening in  the 
35 c i spectrum . I f  the line  was broadened then  com plexa tion  was 
probab ly  occurring  b u t  i f  no broadening was seen then  the m a te ria l 
cou ld  be ignored as a po ten tia l ionophore.
OH
(2 )
Figure 4-7. Two an ion ionophores tested fo r tra n sp o rtin g  a b ility .
The sim ple am ines used above were a ll found to  be inac tive  
as com plexa tion agents so som e th ing was obvious ly  m issing . To 
rem edy th is  defect the am ine was quatem ised w ith  a fu r th e r b u ty l 
group to  give m a teria ls such as (2). Th is was found to broaden the 
ch lo ride  s igna l so an isotope exchange experim en t was set u p  to  
m easure the tra n s p o rt ra te. The m e thod used w as ^ ^ C l/^ ^ C l 
exchange w ith  a ^^C l enriched externa l m edium  w ith  the reaction  
being followed by ^^C l nm r. Th is showed th a t there was tra n s p o rt 
b u t  i t  was a t ro u g h ly  the  same ra te  as th a t  m ed ia ted  b y  
te tra b u ty la m m o n iu m  ions unde r the same con d ition s  see Table 
4-3, These da ta  were ob ta ined w ith  lOOpl o f a O .IM  s o lu tio n  o f 
ionophore in  m e thanol being added to the vesicle suspension.
Table 4-3. The ra tes o f tra n sp o rt o f ^^C l m edia ted b y  tw o an ion  
ca rrie rs .
Te trabu ty lam m on ium Ionophore  (2)
Ra te(10"^.s"i) 2.98 5.88
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I t  was tried  to m ake d iffe ren t po ten tia l ionophores such  as 
those in  Figure 4-8 b u t the preparations were a ll unsuccessful.
N+ HO 'OH N+ HO' R
Figure 4-8. Two a ttem p ted an ion ionophores.
The proposed route fo r the synthesis o f these m a te ria ls  was 
to use a photo-Fries rearrangem en t.^^ The projected route  is
OcrX ) hv N "  HO (3)
OH
Hg/Pd-C
t
N+ HO
(5)
RBr
OH
(4)
Scheme 4-2. The reac tion  scheme fo r the p re p a ra tio n  o f an ion  
ionophores.
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o u tline d  in  Scheme 4-2. Th is w ou ld  produce the in te rm edia te  (3) 
w h ich  could then be hydrogena ted to reduce the ketone to an a lky l 
(3). The fin a l step was to be the quate rn isa tion  o f th is  to give the  
desired p ro d u c t (5). The problem s arose in  the  rearrangem en t 
step. The p rodu c t m ix tu re  was too complex to ex trac t the correct 
m a te ria l w h ich  was on ly present in  m ilig ram  quan tities.
4.4.1 Ca tion Ionophores.
A  sm all am oun t o f the w ork  in  the thesis was concerned w ith
the  p re p a ra tio n  o f crow n ethers in co rp o ra tin g  ca rboxy lic  ac id
groups. The paren t crown ethers were 15-crown-5 and 16-crown-
5 the  la tte r  o f w h ic h  f ir s t  had to  be prepared. The genera l
approach was as given in  Scheme 4-3 w ith  the  ca rboxy lic  acid
O
O
oTCHgOH NaH B r
O
O
\O
oI
Scheme 4-3. The reac tion  scheme fo r the p re p a ra tio n  o f c row n 
ethers w ith  pendant carboxyl sidearms.
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group being added as p a rt o f a pendant sidearm . The linkage to 
the m ain  skeleton o f the crown ether was th roug h  an ether bridge 
w h ich  was form ed by nuc leoph ilic  su b s titu tio n  be tween the crow n 
ether alcohol and brom o acid.
The p re p a ra t io n  o f m e th y le n e -1 6 -c ro w n -5  p roceeded 
s m o o th ly  fo llo w in g  th e  lite ra tu re  p re p a ra tio n .36 The on ly  
p rob lem s were w ith  the d is tilla t io n  o f the fin a l p ro d u c t as th is  
decomposed a t around 150°C w h ich  m ean t th a t a h igh  vacuum  was 
needed fo r th is  separa tion  to  be successful. The la rger p rob lem  
encoun te red  in  th is  p re pa ra tio n  was in  the  a n ti-M a rk o w n ik o v  
hyd ra tio n  o f the double bond in  (6 ). Th is was tr ie d  several tim es 
u s in g  B H 3 -THF com plex in  TH F w ith  a com ple te  absence o f
success. Therefore th is  area o f w ork  was abandoned,
CHo
CHoOH
(6 ) (7)
F igure 4-9. The s tru c tu re s  o f the two crown ethers used in  th is  
w o rk .
In  an  a ttem p t to  id e n tify  the p re fe ren tia l cha in  leng ths fo r 
tra n sp o rt m edia ted by p ro ton  ion isable crown e thers the synthesis 
o f a n u m b e r o f de riva tives o f 1 5 -c row n -5 ,m e th ano l, (7), was 
a ttem p ted . These a ll con ta ined  ca rboxylic  ac id  g roups a t the
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te rm in u s  o f a pendan t sidearm . The brom o acids used in  the  
p rep a ra tio n  o f these com pounds were 2 -b rom obu tano ic  acid, 2 - 
b ro m o  o c ta n o ic  a c id , 2 -b ro m o h e xa d e ca n o ic  a c id  an d  3 - 
b ro m o p ro p io n ic  acid . The on ly  one o f these w h ic h  gave an 
extractable p roduc t was the hexadecanoic acid as th is  was the least 
w ate r soluble. P urifica tion  o f th is  m a te ria l was d iff ic u lt as i t  was a 
viscous oil. Th is could be achieved using the u n u su a l feature o f th is  
m a te ria l nam ely th a t its  sod ium  sa lt was no m ore w a te r so lub le  
th a n  the free acid. D issolv ing the p rodu c t in  e ther and w ash ing  
w ith  aqueous base removed the  im p u rit ie s  v is ib le  in  th e  n m r 
spectrum .
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4.5 E xperim en ta l.
P repara tion  o f N -hexadecv l-3 -fhvdroxvm e thv l)pvrid in ium  brom ide.
3 -(H yd roxym e thy l)pyrid ine  (3.27g, SOmmol) and hexadecyl 
b rom ide  (9.15g, 30m m ol) were dissolved in  isopropano l, (50cm3) 
and heated un de r re flu x  fo r 16h. The isopropanol was removed by  
d is tilla tio n  to leave a pale yelow solid. Th is was recrysta llised from  
isopropano l to give yellow  crysta ls.
Y ield 9.5g 76.5%  m p t 79-81 °C.
NM R 9 .2ppm  (lH ,s ),9 .1 5  ( lH ,d ), 8.56 (IH , d), 8.1 ( IH , m), 4 .92 
(2H, s), 4 .8  (2H, tr) 2.05 (2H, b r  s), 1.34 (28H, m), 0 .88 (3H,tr)
Preparation of diethvl pvridine 3.5-dicarboxvlate.37
P yrid ine -3 ,5 -d ica rbo xy lic  acid (1.67g, lO m m ol) was heated 
u n d e r re flu x  w ith  th io n y l ch lo ride  (15cm^) fo r 7h  u n t i l  no m ore 
H C l was evolved. The excess th io n y l ch lo ride  was rem oved b y  
d is t i l la t io n  a t a tm o sp h e ric  p ressu re . A  m ix tu re  o f 7 0 :3 0  
m e thylene ch lo r id e /p y rid in e  (lOOcm^) was added and the m ix tu re  
heated fo r a fu r th e r 3h. The reaction m ix tu re  was cooled in  an ice 
b a th  and dried ethanol (1.15g, 25mmol) were added. The m ix tu re  
was allowed to  w arm  to room  tem pera tu re  and s tirre d  overn ight. 
The so lu tio n  was washed tw ice w ith  w a te r (50cm3), tw ice  w ith  
base (50cm3) and once more w ith  water. The s o lu tio n  was dried 
and the so lvent removed on a ro ta ry  evaporator to  leave a ye llow  
o il.
Y ield 1.71g 76.0%
NMR 9.15 (2H, tr), 8.65 (IH . q), 4.22 (4H, q), 1.21 (6 H, tr).
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Prepara tion  o f 3 .5 -b is fh vd ro xvm e th v llp v rid in ium  brom ide.
D ie th y l p y r id in e -3 ,5 -d ic a rb o x y la te  (0.75g, 3 .4m m o l) was 
added to L ith iu m  a lu m in iu m  hyd ride  (LAH) (0.15g, 3 .95m m ol) 
suspended in  d ry  TH F  (50cm3). The m ix tu re  was heated u n d e r 
re f lu x  fo r 16h. The excess LAH was destroyed w ith  w ate r, IM  
NaOH, and w ater and the m ix tu re  filte red. The TH F was removed 
on a ro ta iy  evaporator to leave a yellow  solid (0.5g, 75.2%)
0.3g (1.5mm ol) o f th is  so lid  was suspended in  isopropano l 10 cm3 
and hexadecyl b rom ide 0.8g (2.6mmol) was added. The m ix tu re  
was heated u n d e r re flu x  fo r 36 hours. The un reacted  s ta r t in g  
m a te r ia l was removed by f i lt ra t io n  and the so lven t rem oved b y  
d is t il la t io n . The re s u lt in g  ye llow  so lid  con ta ined  the  desired 
p ro d u c t w ith  unreacted hexadecylbrom ide. T h is  m ix tu re  was no t 
fu r th e r sepeirated.
NMR. 8.85 (2H, s), 8.48 (IH , s), 3 .4  (4H, tr), 1.22 (30H, m), 0 .82 
(3H. tr)
P repara tion  o f 3(2.hvdroxvbenzvl) -p v rid in e .^5
P y rid in e -3 -c a rb o x y lic  acid , (6 .15g, 50m m ol) was d isso lved  in  
th io n y l ch lo ride  (30cm^) and heated unde r re flu x  fo r 2 h  u n t i l  no 
m ore HCl was evolved. The procedure was then  the same as th a t 
used fo r d ie th y l d in ico tina te  above adding pheno l (4.7g, 50m m ol) 
instead o f e thanol. The re su ltin g  yellow  o il so lid ified  on s tand ing  
and was recrys ta llised  from  4 0 /6 0  pe tro leum  e the r to  give w h ite  
crystals.
Y ield 3.2g, 32.2%, m p t 33-35°C
NMR. 9.41 ( IH , d), 8 . 8 6  ( IH , d-d), 8.49 ( IH , d -tr), 7 .4 -7 .5  (3H, 
m), 7.3 (IH , d -tr), 7 .23-7 .19 (3H, m).
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Phenyl n lco tina te , (Ig , Smmol) was dissolved in  hexane (SOOcm^). 
The so lu tio n  was illu m in a te d  fo r 72 hours  w ith  one, 15W low  
pressure m ercury  lam p. The course o f the reaction  was followed 
b y  TLC. The re su ltin g  brow n prec ip ita te  was dissolved in  w a te r 
and extracted w ith  ether. The ether was removed by d is tilla tio n  to  
leave a m ix tu re  o f black ta r  crystals. Th is m ix tu re  was dissolved in  
aqueous base and washed w ith  e ther to  rem ove n o n -p h e n o lic  
m a te ria l. On ne u tra lisa tio n  o f the aqueous layer an em uls ion was 
form ed w h ich  was extracted w ith  ether. The m ix tu re  was fu r th e r 
separated by  chrom a tography on a short s ilica  co lum n e lu ting  w ith  
e ther. 30m g o f the  re s u ltin g  ye llow  o il was hyd rogena ted  in  
e thano l over p a lla d iu m /ca rb o n  (20mg) fo r 41h. in  hydrogen. The 
ca ta lys t was removed by f iltra tio n  and the e thano l b y  d is tilla tio n . 
TLC showed th a t there were 4 com ponen ts in  the  m ix tu re , no 
fu r th e r separation was attem p ted.
Y ield 20mg.
Prepara tion o f d iphenv l pvrid ine  3 .5 -d icarboxvla te .
D ip h e n y l p y r id in e  3 ,5 -d ica rboxy la te  was prepared b y  a s im ila r  
m e thod  to  th a t used fo r d ie th y lp y rid in e 3 ,5 -ca rb o xy la te . The 
q u a n tit ie s  used were : P y rid ine  3 ,5 -d ic a rb o x y lic  ac id  (6.5g,
39m m ol), th io n y l ch lo ride  (30cm3), phenol (8.5g, 90m m ol). The 
f in a l p ro d u c t was re c rys ta llise d  from  to luene  to  give b ro w n  
crystals.
Y ield 10.2g 82%. m p t 121-123°C.
NMR. 9.61 ( IH , dd), 9 .16  (2H, tr), 7 .5 -7 .4  (4H, m), 7 .34 -7 .23  
(6 H, m)
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Pho to lysis o f th is  m a te ria l was attem p ted under s im ila r cond itions 
b u t  the reaction was unsuccessfu l p roducing a com plex m ix tu re  o f 
products.
P reparation o f N .N -d i-isobu tv l-5 -am ido pen tanoic acid.
G lu ta r ic  anhyd ride  (5.7g, SOmmol) and d i- is o b u ty la m in e , 
(6.45g, 50 m m ol) were s tirre d  overn ight a t room  tem pera tu re  in  
d ried  to luene. The to luene was removed by  d is til la t io n  and the 
re s u ltin g  so lid  residue was dissolved in  e ther and washed w ith  
w a te r. The e ther was removed on a ro ta ry  evapora to r to  leave 
colourless oil.
Y ield 8.54g 70.3%.
NMR 3.19 (2H. d), 3.09 (2H. d). 2.42 (4H, dtr), 1.95 [4H, m), 0.9 
(6 H, d), 0.85 {6 H, d)
Prepara tion o f N .N -d i-isobu tv l-5 -hvdroxvpen tv lam ine.
N ,N -d i-isobu ty l~5 -am ido  pen tano ic  acid (2.57g, 10.6m m ol) 
was dissolved in  dried THF (30cm3). The re su ltin g  so lu tio n  was 
added dropw ise to a suspension o f LAH, (0.84g, 22m m ol) in  d ried  
TH F (20cm3). The reac tion  m ix tu re  was heated u n d e r re flu x  fo r 
18 ho u rs  u n t i l  the reaction  was complete. The excess LAH was 
destroyed by  a d d it io n  o f w a te r and the re s u lt in g  suspens ion  
extracted several tim es w ith  ether. The so lu tio n  was d ried  over 
m agnesium  su lphate  and the ether removed by d is tilla tio n  to  leave 
a colourless oil.
Y ield 1.42g 62.3%. b p t 100°C 0.5m bar.
NMR 3.6 (2H, tr), 2.5 ( IH , b r  s), 2.31 (2H, tr), 2 .06 (4H, d), 1.67 
(2H, m), 1.57 (2H, m), 1.39 (4H, m), 0.97 (6 H, d).
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T h is  m e thod  was used as a genera l p roced u re  fo r m a k in g  
molecules w ith  hydroxyl and am ino func tions.
P repara tion o f N .N .N .N -tribu tv l 5 -hvdroxvpen tv lam m onium  iodide.
G lu ta r ic  an hyd ride  (5.7g, SOmmol) was reacted w ith  d i- 
b u ty lam in e  (6.5g, SOmmol) us ing  the above m e thod. The p ro d u c t 
was a colourless oil.
Y ield 8.7g 71.6%
NMR 3.30 (2H, tr), 3.21 (2H, tr), 2.28 (4H, d tr), 1.95 (2H, q u in t). 
1.50 (4H, m), 1.31 (4H, m), 0.91 (6 H, q)
Th is p roduc t 2.57g (10.6mmol) was added to  a suspension o f 
LAH 0.8g (mmol) in  d ry  THF and heated under re flu x  fo r 16h. The 
w o rk  up  was carried  ou t as above to give a ye llow  o il. Th is  was 
pu rified  b y  d is tilla tio n  in  vacuo bp t 98°C /0.2m bar.
Y ie ld 1.36g 59.7%.
NMR. 4.0 (IH , b r  s), 3.57 (2H, tr), 2.4 (6 H, tr), 1.62-1.2 (14H, m), 
0 .92 (6 H, tr)
Th is  p ro d u c t (0.54g, 2 .Smmol) was added to  b u ty l iod ide, 
(0.46g, 2 .Smmol) in  e thano l lO cm ^, The reac tion  was stopped 
a fte r 4h  and a ^H n m r taken. T h is  showed th a t o n ly  p a r t ia l 
reaction  had occurred, so b u ty l iod ide (0.46g) was added and the  
m ix tu re  was heated under re flu x  fo r a fu r th e r 16h. T h is gave the 
desired p roduct.
Y ield 0.86g, 86.0%
NMR. 4.11 (IH , b r  s), 3 .64 (2H, tr), 3.42 (8 H, m), 1 .84-1 .24 (18H, 
m), 1.03 (9H, tr)
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P repara tion  o f 1 5 -m e th v le n e -1 .4 .7 .1 0 .1 3 -p e n ta o x a c v c lo h e x a - 
decane.
S odium  hydride, (14g, 0.3mol) was suspended in  d ried  TH F 
(150cm 3) and hea ted to  re flu x  u n de r d ry  n itrogen . 3 -ch lo ro -2 - 
ch lo rp m e th y lp ro p -1 -ene (12.5g, O .lm o l) and te tra -e thy le neg lyco l 
19.4g (O .lm ol) were dissolved in  d ried  TH F ISOcm^ and  added 
dropw ise over the course o f 1.5h. The m ix tu re  was heated u n de r 
re flu x  fo r a fu r th e r 30 m in  and then  allowed to  cool. The excess 
hyd rid e  was destroyed by  a d d itio n  o f m e thano l. The re s u ltin g  
m ix tu re  was filte red  and the solvent removed by  d is tilla tio n . The 
p ro d u c t was redissolved in  m e thylene ch lo ride  and w ashed w ith  
w a te r to  remove any w a te r so luble im p u ritie s . The so lu tio n  was 
d rie d  over m agnes ium  su lp h a te  and the  so lve n t rem oved by  
d is tilla tio n . The re su lting  brow n o il was pu rified  by  d is tilla t io n  in  
vacuo, b p t 120-130°C /0 .2m bar to give a colourless oil.
Y ield 9.2g, 37.4%.
NMR. 5.25 (2H, tr), 4.20 (4H, tr), 3.70 (16H, d)
General m e thod fo r the p repa ra tion  o f crown ethers w ith  pendan t 
carboxylic  sidearms.
C row n e th e r-m e thano l (1 equiv) was d isso lved in  to luene  
(20cm 3). The m ix tu re  was d is tille d  un de r a V ig re u x  co lu m n  to 
rem ove w a te r. S od ium  hyd ride  (1.2 equiv.) w as w ashed w ith  
pe tro leum  e ther to remove the o il and suspended in  to luene. The 
crow n e ther so lu tio n  and brom o-acid  (1 equiv) were added to  the  
sod ium  hydride  suspension and stirred  fo r 4h. M ethano l and then  
w a te r were added to destroy the excess hydride  and the  the  two 
layers were separated. The to luene was dried over m agnes ium
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su lp h a te  and removed b y  d is tilla t io n . The f in a l p ro d u c t was 
p u r if ie d  b y  d isso lv in g  in  ch lo ro fo rm  and w a sh in g  w ith  d ilu te  
sod ium  hyd rox ide  so lu tion . The organic laye r was d ried  over 
m agnesium  sulphate.
Th is  was successful w ith  1,4,7,10,13,pen taoxacyclopentadecane-2- 
m e th a n o l (250m g, Im m o l)  and  2 -b ro m o h e xa d e ca n o ic  ac id  
(335m g, Im m o l)
Y ield 400m g, 79.4%.
NMR. 3 .8 -3 .55 (22H, m), 1.28 (26H, m), 0.88 (3H, tr).
The re ac tio n  was also tr ie d  w ith o u t success u s in g  2 -b ro m o ­
bu tano ic  acid, 2-brom o-oc tanoic acid and 3 -brom o p rop ion ic  acid.
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Chapter 5. Conclusions and Further Work.
5.1 Conclusions
The a im  o f th is  w o rk  was to s tud y  the effect o f ionophore 
s tru c tu re  on the  tra n s p o rt ra tes. The tra n s p o r t ra tes  were 
m easured fo r two ionophores w ith  very s im ila r stru c tu res , na ras in  
and sa lin o m yc in , to  see w h a t effect s lig h t d iffe rences in  the  
s tru c tu re  have. Th is  showed th a t even a sm a ll change in  the  
s tru c tu re , in  th is  case an extra  m e thy l group, had  a noticeable  
e ffec t on bo th  the  k in e tic  and the rm odynam ic  aspects o f the  
tra n sp o rt process. Th is effect o f s tru c tu ra l change was also borne 
o u t by the p re lim in a ry  studies carried ou t on s tru c tu ra lly  m odified 
fo rm s o f sa linom ycin . These showed th a t the ra tes o f tra n s p o rt 
can be decreased by an order o f m agnitude b y  hydrogena ting  the 
v in y lic  group in  the s tru c tu re  o f salinom ycin.
The tra n sp o rt stud ies showed th a t sa linom ycin  and n a ras in  
bo th  tra n sp o rt a lka li m e ta l ions as 1:1 m e ta l/ionophore  complexes. 
They are b o th  observed to  be po tass ium  selective trm isp o rte rs . 
The ra tes observed fo r sa lino m ycin  w ith  po tass ium  were fas te r 
th a n  the rates shown by  any o f the other ionophores tested us ing  
th is  system . S a linom yc in  showed a the rm odynam ic  as w e ll as 
k in e tic  preference fo r po tassium  w h ile  w ith  n a ras in  the re  was no 
large the rm o dyn a m ic  preference. The va lues fo r the  s ta b ility  
cons tan ts  o f the complexes form ed w ith  sod ium  and po ta ss iu m  
were the same, w ith in  experim en ta l error.
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The grad ien ts  o f the  1 /k ' vs [M+] lines fo r the  com plexes 
w ith  a p a rtic u la r cation were seen to be the same fo r bo th  na ras in  
and s a lin o m y c in . The d iffe rence  in  b e h a v io u r o f th e  tw o 
ionophores is show n in  the  in te rcep ts . The reasons fo r th is  
behav iour are a l it t le  unc lear, the in te rp re ta tio n  depends on the  
d iffu s io n  coe ffic ien t o f the  m e ta l/ion op h o re  com plex across the  
m em brane. The slopes and in te rcep ts  o f these graphs can be 
represented one o f three re la tionsh ips  dependent on the  re la tive  
ra tes o f d iffu s io n  and d issocia tion . I f  d iffu s ion  is  ra p id  then  the 
g rad ie n t is l / k ^ j  and in te rcep t 1 /k f. I f  d issocia tion  is  ra p id  then  
th e  g ra d ie n t is l/k ^ ^ jf f  and in te rc e p t K g /k ^ jf f .  I f  n e ith e r is
do m ina n t then  there w ill be a com plex re la tionsh ip  fo r bo th  slope 
and in te rcep t. The ca lcu la tions estim a ting  the Kg fo r the sod ium
com plex, assum ing th a t d iffu s ion  was rate lim it in g , showed th a t 
d iffu s ion  is an im po r ta n t pa rt o f the grad ient in  these experim en ts. 
Therefore th is  w ork  fa lls  in to  the th ird  o f the categories above, i.e. 
d iffus ion  and d issociation bo th  occur a t s im ila r ra tes.
N a ra s in  and s a lin o m y c in  were also tes ted  as l i th iu m  
ionophores. Th is  showed th a t they were no t p a rt ic u la r ly  e ffic ien t 
l i th iu m  carrie rs , w h ich  is  as w ou ld  be expected fo r po tass ium  
ionophores. They were seen, however, to m edia te tra n s p o rt a t a 
fa r h igher ra te  th a n  certa in  synthetic  lith iu m  ionophores.
The fin d in g  th a t sm all s tru c tu ra l differences cause noticeable 
changes in  the tra nsp o rt properties o f ionophores led to  a s tu d y  on 
the  co n fo rm a tio n  o f the  m e ta l/io n o p h o re  com plex u s in g  n m r. 
Samples were prepared o f the complexes o f bo th  sa linom yc in  and 
na ras in  w ith  a ll o f the a lka li me tals. The iH  and spectra  were
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ta ke n  and assigned us ing  tw o d im ensional n m r techniques. T h is  
showed th a t there were con fo rm a tiona l changes in  o n ly  ce rta in  
p o rtio n s  o f the  m olecule. M ost o f the  chem ica l s h ifts  stayed 
a lm os t co n s ta n t b u t  the re  were some w h ich  showed a m arked  
dependence on the  cation present.
The atom s w h ich  showed the greatest va r ia tio n  in  chem ical 
s h if t  were seen to  be, fo r the  m ost p a rt, in  the  areas o f the  
m olecu le  p re v io u s ly  described as “h inges” . These are areas o f 
co n fo rm a tio n a l f le x ib ility  w h ic h  enable the  m olecu le  to  “w ra p ” 
its e lf  a round  the complexed ca tion. The va r ia tio n  in  these sites 
also shows th a t th e y  are im p o r ta n t in  the  accom m oda tion  o f 
d iffe re n t sized cations. There are however also re la tive ly  large 
chem ical s h ift changes in  r in g  C, a rig id  area o f the  m olecule. Th is 
m a y be exp la ined  b y  the  m ovem en t o f the  h y d ro x y l g roup , 
C(20)-OH, to  a llow  an in te ra c tio n  w ith  the  bound  ca tion . T h is  
change in  chem ica l s h if t  is  accom panied by  a change in  the  
coup ling  constants in  th is  area, dem onstra ting  th a t there is  some 
fle x ib ility  in  the m olecule a t th is  site.
Thus, the  changes in  chem ical s h ift  show  th a t m o le cu la r 
f le x ib il ity  is  requ ired  to  accommoda te d iffe re n t sized cations. I t  
w ou ld  be in te res ting  to see how  the conform a tion o f the ionophore 
a lte rs w ith  d iffe ren t cations. Th is should be able to  be de term ined 
us ing  n m r and com pu te r m odelling techniques.
The f in a l p o rtio n  o f the w o rk  was in  the fie ld  o f syn th e tic  
ionophores fo r b o th  ca tions and an ions. The s tu d y  on p ro to n  
io n isa b le  c row n  e thers as ca tio n  ca rrie rs  fa iled  to  m ake any 
progress due to problem s in  the synthesis o f the m a teria ls .
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The w o rk  on an ion  tra n s p o rt was how ever ra th e r m ore 
in te resting . The problem  here was to  find  a m e thod o f generating 
a con tras t be tween an ions ins ide vesicles and those outside. The 
on ly  successful m e thod so fa r published used m anganous ions as a 
re la xa tio n  agent. T h is  was found to  re ly  on the  use o f low  pH  
(~pH4) to  s tab ilise the vesicles. I t  was tried  to  f in d  an a lte rna tive  
m e thod a t nearer to physio log ica l pH. D extran  m agne tite  and 4- 
am ino-TE M P O  were b o th  fo u n d  to  give rise  to  a change in  
chem ical s h ift in  aqueous chloride so lu tion. U n fo rtun a te ly  th is  was 
n o t found  to be the case in  vesicle suspensions. Therefore, in  
these form s, these are n o t su itab le  con tras t reagents fo r ch lo ride  
ions. If, however, the lip id  s o lu b ility  o f the n itro x y l ra d ica l were 
reduced then  th is  cou ld be a good con trast reagent.
5.2 F u rth e r W ork.
The tra n s p o r t s tud ie s  o f n a ra s in  and s a lin o m y c in  w ith  
l i th iu m  shou ld  be fu r th e r stud ied. There is also the p o ss ib ility  o f 
in ve s tiga tin g  the  cæ sium  tra n s p o rt properties o f these m a te ria ls . 
There is  also a lo t m ore w o rk  to do in  the in ve s tig a tio n  o f the  
effect o f s tru c tu re  on ion  tra n s p o rt properties. S a lino m yc in  and 
n a ra s in  bo th  have extensive ranges o f hom ologues in c lu d in g  the  
17-epim eric 20-deoxy form s o f these m a teria ls . T ra n sp o rt s tud ies 
on a range o f these m a te ria ls  m ay produce some in te re s tin g  and 
use fu l in fo rm a tion .
The next step in  the iH  n m r stud ies  o f these m a te r ia ls  
w o u ld  be to e luc ida te  the con fo rm a tion  o f the  io n o p h o re /m e ta l 
complexes in  so lu tion . Then the conform a tions o f the  s tru c tu ra lly  
m od ified  deriva tives cou ld  also be investiga ted. C om paring  th e
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con fo rm a tion  to  the  tra n sp o rt p roperties cou ld  be a ve ry  f ru i t fu l 
area fo r investiga tion . Once the so lu tion  con fo rm a tion  is  know n 
the  con fo rm a tion  o f the  com plex in  a lip id  b ila y e r sho u ld  be 
investigated. Th is w ou ld  involve the use o f deuterated lip id s  b u t  
even so the  lines  w ou ld  p roba b ly  be ra th e r broad . I t  shou ld , 
however, be possible to complete such a study.
The w o rk  on n itro x y l rad ica ls  showed considerable prom ise 
b u t  the  p rob lem  o f lip id  s o lu b ility  needs to be overcome. One 
possible w ay o f achieving th is  is by the add ition  o f hyd roxy l groups 
to  the  s tru c tu re . There is a lo t o f room  fo r im provem en t in  the 
area o f an ion  ionphores. These could be made m ore e ffic ien t and 
more selective by  the use o f cryp tand o r coronand type m a te ria ls .
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Appendix The Transport data for Salinomycin and Narasin 
with Sodium and Potassium.
25m M  Sodium  w ith  Salinom ycin.
SL(m,1) SL/PC LW(Hz) LB(Hz) Ra te(s“ l)
0 0 12.204 0 0
2 0.3195 14.647 2.443 7.675
4 0 .6390 26 .987 14.783 46 .442
6 0 .9585 16.118 3.914 12.296
8 1.2780 19.366 7.162 22 .50 0
10 1.5975 25.821 13.617 42 .77 9
12 1.9170 24.061 11.857 37 .2 5 0
50m M  Sodium  w ith  Salinom ycin.
S L(|il) SL/PC LW(Hz) LB(Hz) Ra te(s“ i)
0 0 9.765 0 0
2 0.3195 11.962 2.197 6 .902
4 0.6391 13.671 3.906 12.271
7 1.1184 16.600 6.835 21 .473
10 1.5977 20 .507 10.742 33 .747
13 2.077 23 .437 13.672 4 2 .95 2
16 2.5563 27 .587 17.822 55 .989
75m M  Sodium  w ith  Salinom ycin.
SL(pl) SL/PC LW(Hz) LB (Hz) R a te (s-i)
0 0 11.718 0 0
2 0.3195 15.380 3.662 11.505
4 0 .6390 23 .437 11.719 36 .816
6 0.9585 20 .019 8.301 26 .078
8 1.2780 20 .995 9.277 29 .14 5
10 1.5975 24.901 13.183 41 .4 1 6
lOOmM Sodium  w ith Salinom ycin.
SL(pl) SL/PC LW(Hz) LB (Hz) Ra te (8-1)
0 0 10.009 0 0
2 0.3195 11.474 1.465 4 .6 02
4 0.6391 12.206 2.197 6 .902
7 1.1184 13.915 3.906 12.271
10 1.5977 15.624 5.615 17.640
14 2 .2367 18.309 8.300 26 .07 5
18 2 .8756 20.751 10.742 3 3 .7 4 7
22 3 .5149 23.681 13.672 42 .95 2
IBOmM S odium  w ith  Salinom ycin.
S L(|il) SL/PC LW(Hz) LB(Hz) R a te (s"i)
0 0 10.985 0 0
2 0 .3195 12.206 1.221 3 .836
4 0.6391 13.671 2.688 8 .438
7 1.1184 15.624 4.639 14.574
11 1.7574 40.77 29 .785 *
15 2.3965 23 .925 12.940 40 .65 2
20 3 .1953 27 .099 16.114 50 .42 4
175 m M  Sodium  w ith  Salinom ycin.
SL(pl) SL/PC LW(Hz) LB(Hz) R a te (s-l)
0 0 10.742 0 0
3 0 .4793 12.694 1.952 6 .1 32
6 0 .9586 14.649 3.907 12 .274
9 1.4379 16.600 5.850 18.403
13 2 .0 770 18.798 8.056 25 .309
17 2 .7603 20.751 10.009 3 1 .44 4
21 3.3551 24 .657 13.915 43 .71 5
200m M  Sodium  w ith Salinom vcin.
SL(ial) SL/PC LW(Hz) LB(Hz) Ra te (s’ 1)
0 0 12.35 0 0
2 0.3195 13.67 1.32 4 .147
5 0.7988 15.01 2.66 8 .357
8 1.2781 16.85 4.50 14.137
11 1.7574 20 .50 8.15 25 .60 4
14 2 .2367 18.80 6.45 2 0 .263
17 2 .7160 21 .73 9.38 29 .46 8
20 3.1953 24.17 11.82 37 .1 3 4
50m M  Po tassium  w ith  Salinom vcin.
SL(ial) SL/PC LW(Hz) LB(Hz) R a te (s-l)
0 0 12.58 0 0
2 0.91 16.73 4.15 13.038
4 1.81 19.53 6,95 21 .8 3 4
6 2.72 23.68 11.10 34 .872
8 3.63 26 .12 13.54 42 .537
lOOmM Po tassium  w ith  Salinom vcin.
S L(^ l) SL/PC LW(Hz) LB(Hz) Ra te(s’ i)
0 0 11.48 0 0
2 0.2397 20 .18 8.70 27 .332
3 0.3595 23 .44 11.96 37 .57 3
4 0 .4793 26.13 14.65 46 .0 2 4
5 0.5991 32 .96 21.48 67 .481
m
15QmM P otassium  w ith Salinom vcin.
SL{|al) SL/PC LW(Hz) LB(Hz) R a te (s-i)
0 0 18.07 0 0
1 0.1198 20.02 1.95 6 .126
2 0.2397 23 .44 5.37 16 .870
3 0.3595 23 .44 5.37 16.870
4 0.4793 31.74 13.67 42 .9 4 6
5 1.5991 36.87 18.80 59 .062
6 0.7190 34.67 16.60 52 .15 0
175mM Po tassium  w ith  Salinom vcin.
SL(|iI) SL/PC LW(Hz) LB(Hz) R a te (s"i)
0 0 23 .32 0 0
2 0.91 25.3 1.98 6.22
4 1.81 26.86 3.74 11.75
7 3.17 30.15 6.83 21 .46
10 4.53 41 .14 17.82 *
13 5.89 33.08 9.76 30 .66
200m M  Po tassium  w ith  Salinom vcin.
SL(iai) SL/PC LW(Hz) LB (Hz) R a te (s-i)
0 0 23 .60 0 0
1 0.453 22 .34 -1 .26 -4 .0
2 0.907 23 .20 -0 .40 -1.3
4 1.813 24.78 1.18 3.7
6 2 .720 28 .32 4.72 14.8
8 3.626 26.91 3.31 10.4
11 4.986 29.42 5.82 18.3
14 6 .346 36.13 12.53 39.4
17 7.705 36 .26 12.66 39.8
2 0 9.065 37.16 13.56 42 .6
IV
50mM Sodium  w ith N arasin.
N S (|il) NS/PÇ LW(Hz) LB(Hz) Rate (s '1)
0 0 14.65 0 0
1 0.283 20.51 5.86 18.41
2 0.565 29 .36 14.71 46.21
3 0.848 27 .34 12.69 39 .87
5 1.414 35 .16 20.51 64 .43
lOOmM Sodium  w ith  Narasin.
N S(irl) NS/PC LW(Hz) LB(Hz) R a te (s 'i)
0 0 11.2 0 0
1 0.303 15.1 2.9 9.11
2 0 .606 17.1 5.9 18.54
3 0.910 20.0 8.8 27 .65
4 1.213 21.9 10.7 33 .62
6 1.819 29.3 18.1 56 .86
7 2 .122 28,2 17.0 53 .40
8 2 .426 32.3 21.1 66 .29
ISOmM Sodium  w ith  Narasin.
N S(irl) NS/PC LW(Hz) LB(Hz) R a te (s 'i)
0 0 13.6 0 0
1 0.300 14.7 1.1 3 .56
2 0.600 16.9 3.3 10.37
3 0.901 17.9 4.3 13.51
4 1.201 23.5 9.9 *
5 1.501 22.0 8.4 26 .39
6 1.801 24.6 11.0 34 .56
7 2.101 26.0 12.4 38 .96
20QmM Sodium  w ith N arasin.
N S (|il) NS/PC LW(Hz) LB (Hz) R a te (s 'l)
0 0 17.09 0 0
1 0.259 18.06 0.97 3.05
2 0.519 21 .00 3.91 12.28
3 0.778 21 .97 4.88 15.33
4 1.038 23.92 6.83 21 .46
6 1.556 26 .86 9.77 30 .69
50m M  Po tassium  w ith  Narasin.
N S (|il) NS/PC LW(Hz) LB (Hz) R ate(s-i)
0 0 11.6 0 0
1 0 .114 16.47 4.87 15.3
2 0.228 18.80 7.20 22 .6
3 0.343 24.41 12.81 40.2
4 0.457 23.08 11.48 36.1
5 0.571 26.49 14.89 46.8
6 0.685 26,37 14.77 46 .4
7 0 .800 39 .80 28 .20 88.6
IQOmM Po tassium  w ith  Narasin.
NS(iri) NS/PC LW(Hz) LB (Hz) R a te (s 'i)
0 0 16.39 0 0
2 0.225 24 .44 8.05 25.3
3 0.337 25 .47 9.08 28 .53
4 0.45 27.67 11.28 35 .44
5 0.562 34.47 18.08 56 .80
6 0.675 36.45 20.06 63 .02
VI
150mM Potassium  w ith N arasin.
N S(jrl) NS/PC LW(Hz) LB(Hz) Rate (s '1)
0 0 20.49 0 0
1 0.114 24.15 3.95 11.5
2 0.227 33.22 13.47 36.8
3 0.341 30 .88 13.76 32.6
4 0.454 42.01 21.52 *
5 0.568 35.47 14.98 46.9
6 0.681 35.06 15.57 45.8
200m M  Po tassium  w ith  Narasin.
N S (|il) NS/PC LW(Hz) LB(Hz) R ate(s-i)
0 0 27.71 0 0
1 0.113 27 .84 0.13 0.41
2 0 .226 29.18 1.47 4.62
3 0.338 30.40 2.69 8.45
5 0.564 34.67 6.96 21 .87
7 0.790 37.96 10.25 32 .20
9 1.015 43.82 16.11 50.61
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